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Downsized boosted spark ignition (SI) engines offer considerable thermal efficiency 
improvements compared to conventional naturally aspirated SI engines. However, the increase in 
boost level severely increases knock propensity, and knock tends to decrease the potential gains 
of thermal efficiency and increase pollutant emissions. Hence, engine knocking should be 
controlled at all running conditions, and research on knock mitigation strategies is essential to 
improve both performance and emissions.  
This research investigates the knock mitigation strategies and their experimental 
validation for improving performance and emissions with three different engine parameters: (i) 
Fuels (oxygenated fuel gasoline blends and syngas addition); (ii) Mixture dilution (EGR and 
Lean dilution); (iii) Injection strategies (DI and PFI combined dual fuel injection and multiple 
injections). Besides, a newly discovered unique relation between knocking and particulate matter 
emissions is examined in the last part with several conceptual models for better understanding of 
this phenomenon. 
The first part of this dissertation is about the effects of three oxygenated fuels (2,5-
dimethylfuran, ethanol, and isobutanol) blended in gasoline on general engine combustion, 
knock, and particulate matter emissions. Furan functional group is a novel candidate for 
oxygenated fuels as gasoline additives, and one of the most promising furan fuels, 2,5-
xxxi 
dimethylfuran gasoline blends, is experimentally compared with two common alcohol-type 
oxygenates, ethanol and iso-butanol. Three major parameters are varied for the examination of 
oxygenates: fuel type, blend ratio, and boost level. The blend ratios are swept from 0 to 30 
volume basis percentage, and all fuels are tested from throttled 0.8 bar to boosted 1.4 bar intake 
pressure to identify the knock limits along with spark timing sweep. The results show that the 
2,5-dimethyl furan blends have the ability to extend knock limits as much as ethanol, but with 
relatively higher particulate matter emissions.   
As a second fuel study, syngas (hydrogen and carbon monoxide) aided engine 
combustion is experimentally investigated under EGR diluted and lean conditions by focusing on 
knock propensity, thermal efficiency, and emissions. Syngas amount is controlled on an energy 
basis from 0% to 15% to compare the difference between EGR and air dilution. Knocking 
tendencies with respect to the frequency, combustion phasing, and burn duration are analyzed, 
and the thermal efficiency and emissions difference are discussed as well. The results show that 
with increasing the syngas addition, knocking is strongly suppressed, and the effect is more 
beneficial with EGR dilution than with air dilution. 
For the study of fuel injection strategies, two concepts of injection strategies are 
introduced and experimentally investigated. The first injection strategy is combined direct and 
port fuel injection to extend knock and EGR dilution limits using gasoline and ethanol fuels. Test 
conditions are divided into dual injection and direct injection for accurate comparison. For the 
dual injection tests, gasoline, representing 80% by volume of the total fuel, is injected using the 
direct injector, and ethanol, representing 20% by volume of the total fuel, is injected using the 
port fuel injector. For the direct injection tests, a splash blended E20 (20% ethanol by volume) 
fuel is used for comparing with dual injection. EGR mass fraction was varied from 0% to 21%, 
xxxii 
under boosted intake air pressure of 1.25 bar for both injection strategies. The results showed 
that dual injection was beneficial to shorten the burn duration and improve combustion stability, 
but dual injection is slightly more sensitive to knock than direct injection primarily due to 
increased unburned gas temperature. The particulate matter emissions from dual injection were 
slightly lower, and the gaseous emissions showed lower total hydrocarbons and similar nitrogen 
oxides compared with only using direct injection of E20 fuel. 
The second fuel injection strategy involves multiple direct injections, which inject fuel 
multiple times in a cycle. This study explores the effect of multiple injections on knock, engine 
performance, particulate matter and gaseous emissions in direct injection spark ignition engines. 
Two aspects of multiple injection strategies are experimentally investigated: the number of 
injections (up to five times in a cycle); and the timing of injections (classified relative to the 
timings of intake valve opening and closing). The results from thermodynamic process analysis 
confirm that multiple injection maintains torque and combustion stability compared to single 
injection but increases knock limits and thermal efficiency due to improved heat release phasing, 
especially with an additional late injection during the intake valve closed (compression stroke) 
period. The gaseous pollutant emissions including nitrogen oxides and unburned hydrocarbons 
are significantly reduced with multiple injection particularly with compression stroke injection. 
In contrast, carbon monoxide emissions are increased. Particulate matter emissions are not 
directly related to the injection period, but the number of injections significantly reduces 
particulate matter emissions. 
Finally, a unique phenomenon of a relation between knock and particulate matter 
emissions is analyzed and explained with conceptual models for spark ignition engines. In 
general, particulate matter emissions are rapidly increased after the onset of knock as the spark 
xxxiii 
advances, and the increased amount of particulate matter emissions are proportionate to the 
knock intensity. This phenomenon is a novel observation, and there is very limited understanding 
of this phenomenon and the relationship between knocking and PM emissions. So, 
phenomenological analyses are introduced using several experimental data, and three theories to 
explain this phenomenon are proposed along with conceptual models.  
Through the studies presented in this thesis, several potential contributions for higher 
efficiency and lower emissions spark ignition engine have been obtained with strategies using 
three major parameters. By utilizing proper fuel properties, injection type, and dilution strategies, 
the knocking and combustion stability could be significantly improved, so that the engine 
performance, gaseous pollutant emissions, and particulate matter emissions could be improved. 
In addition, as a result of detailed strategic research in this study, it is expected that the spark 









1.1 Motivation  
Vehicle efficiency and emissions targets are ever increasing challenges as automakers 
pursue meeting rigorous fuel economy standards, emission regulations, and customer demand for 
higher mileage vehicles. Figure 1.1 describes an example of strengthening emissions regulation, 
particulate matter and nitrogen oxides from the EU emissions standards from first to the sixth 
stage [1], and Figure 1.2 shows the history of increasing average fuel economy from 2000 to 
2017 and enacted targets up to 2030 for passenger cars by country in miles per gallon, 
normalized to The U.S. Corporate Average Fuel Economy (CAFE) standards [2]. Previous work 
has shown that one of the most promising strategies to improve engine thermal efficiency is 
turbocharging with engine downsizing [3,4]. Downsized boosted spark ignition (SI) engines 
offer considerable thermal efficiency improvements compared to conventional naturally 
aspirated SI engines, however, knocking is a major concern under boosted conditions [5,6]. 
Engine knocking is an abnormal combustion phenomenon in SI engines in which the end-gas 
2 
auto-ignites before it is consumed by the flame front. This phenomenon causes strong pressure 
waves and severe noise and thereby can damage engines. Also, it has been shown, in this work, 
that knock promotes engine-out particulate matter emissions. Hence, engine knocking should be 
controlled and avoided at all engine running conditions especially under boosted charge or 
higher compression ratio. 
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Figure 1.1 EU Emissions standards history for passenger vehicles (Euro 1 ~ 6: PM and NOx) [1]: 
(a) Diesel, (b) Gasoline  
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There are several conventional ways to prevent knock, such as retarding a spark timing or 
strengthening the mixture with additives or fuel rich conditions. These methods, however, rather 
reduce engine efficiency and increase undesirable unburned hydrocarbons and carbon monoxide 
emissions [7], so fundamental and sustainable knock mitigation strategies are needed for 
improving efficiency and emissions. 
Therefore, this dissertation focuses on the knock mitigation strategies and its effects on 
engine performance and emissions with fuels, mixture dilution, and injection strategies.  
 
 
Figure 1.2 Normalized passenger car fuel economy history and enacted targets by region [2] 
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1.2 Objectives  
The goal of this dissertation is to demonstrate the combination of fuel selection, fuel 
injection strategy, and mixture preparation that enable meeting the worldwide efficiency targets 
along with the global emissions targets in spark ignition engines through knock limit extension. 
All strategies are experimentally validated using a single cylinder research engine, and a detailed 
dissertation storyline is shown in Figure 1.3. As shown in Figure 1.3, the effects of three main 
strategic parameters, (i) Fuels (oxygenated fuel gasoline blends and syngas addition); (ii) 
Mixture dilution (EGR and Lean dilution); (iii) Injection strategies (DI and PFI combined dual 
fuel injection and multiple injections), on knock limit extension are investigated with binary 
parameter combinations, and ultimately engine performance and emissions results are validated 
as well. In addition, an exploratory study about the unique relationship between knocking and 
particulate matter emissions is examined to better understand an important impact of the 
knocking phenomenon in the last section of the thesis, using several conceptual models. 
 
 
Figure 1.3 Dissertation storyline schematic for improving efficiency and emissions 
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1.3 Chapters Overview  
The present dissertation is organized as follows. In Chapter 1, the motivation and 
dissertation storyline of knock limit extension are discussed, and Chapter 2 provides a brief 
background for the dissertation, and surveys experimental equipment and data processing details.  
The following five chapters describe the strategies and experimental results of the three 
main parameters and an exploratory study of particulate matter and knock relation with literature 
reviews in each chapter.  
The first strategy, utilizing high knock resistant fuel, is divided into two chapters, and the 
first fuel study regarding blends of different oxygenated fuel in gasoline are introduced in 
Chapter 3. The second fuel research study involves syngas, which is comprised of hydrogen and 
carbon monoxide, and is presented in Chapter 4.  
The next strategy, mixture dilution, is covered in Chapters 4 and 5. In Chapter 4, two 
dilution features (EGR and Lean dilution) are compared in conjunction with syngas addition, and 
the effects of two different approaches to charge dilution on knocking and emissions are 
introduced. Chapter 5 compares the EGR steps from 0 to 21% with 7% discrepancy with dual 
fuel injection research. An analysis of efficiency benefits and knock limit extension with EGR 
dilution is presented in Chapter 5, as well.   
The third strategy for knock limit extension, involving fuel injection strategies, is 
investigated in Chapters 5 and 6. The first injection study shown in Chapter 5 concerns the dual 
fuel injection, which combines a direct fuel injection and a port fuel injection using oxygen free 
gasoline and pure ethanol injection under four steps of EGR dilution. Chapter 6 covers the 
multiple injection strategy, in which direct inject fuel occurs multiple times (up to five separate 
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injection) in a cycle. The combustion characteristics and engine out harmful emissions 
improvement are analyzed in Chapter 6.  
Chapter 7 introduces an exploratory study of the relationship between knock and 
particulate matter emissions and along with analysis using several conceptual models. This 
phenomenological relationship between knock and particulate matter emissions is a novel 
observation from the present work, so the phenomenon is analyzed first and then possible 
reasons for this relationship are introduced in this chapter.  
Chapter 8 gives a summary of the work accomplished in this dissertation, conclusions 








2.1 Knocking in Spark Ignition Engines 
Knocking in spark ignition engines is the name given to the noise which is delivered 
through the engine structure because of in-cylinder abnormal combustion. There are several 
types of abnormal combustion in spark ignition engines such as spark knock, hot spot or chamber 
deposit induced surface ignition, and low speed preignition, but the most problematic abnormal 
combustion under boosted condition is spark knock. There have been many studies to understand 
the knocking phenomenon over the decades, and the most convincing reason for spark knock is 
the end-gas auto-ignition caused by increased in-cylinder pressure and temperature [7]. Figure 
2.1 provides a visualized example of end-gas auto-ignition in a knocking cycle using an optical 
engine via laser-induced fluorescence (LIF) imaging [8]. As the captions describe on the left-
hand side of Figure 2.1, several near-wall spots in the end-gas region start to auto-ignite before it 




Figure 2.1 A knocking cycle example: Optical engine LIF image (Schießl and Maas [8]) 
 
In order to suppress this spark knock phenomenon, various studies have been conducted 
as well [9–11], and the most effective methods known so far can be summarized as follows.  
 Enhancing fuel knock resistance: high octane fuel, additives, oxygenated fuels.    
 Increasing the inert gas portion in the mixture: cooled EGR. 
 Reducing total combustion duration in a cycle: fast flame speed via in-cylinder 
conditions or selection of fuel chemical structure.   
 Increasing turbulence intensity: swirl, tumble by engine geometry, injection strategy. 
 Reducing end-gas temperature: maximizing charge cooling effect using direct 
injection, making end-gas mixture rich. 
These methods, however, are closely related and have trade-off relationships with each 
other, so rigorously developed strategies are essential to utilizing these methods to improve the 
spark knock phenomenon. In addition, these methods significantly affect engine-out pollutant 
emissions, so even more sophisticated strategies are needed. Therefore, this dissertation studies 
various strategies for knock limit extension using experimental validation of the methods above.  
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2.2 Particulate Matter Emissions in Spark Ignition Engines 
It is known that spark ignition engines emit less mass of particulate matter compared to 
compression ignition engines. But, in recent years, boosted spark ignition engines have become 
more common in the automotive industry, and the particulate matter emissions from these 
boosted DI gasoline engines are becoming a growing concern. The direct injection systems for 
reducing in-cylinder temperature under boosted conditions tend to produce more soot due to less 
mixing time and more possibilities for fuel impingement on the piston and the cylinder walls. In 
contrast, SI engines with port fuel injection systems emit much less particulate matter compared 
to engines with direct fuel injection systems due to pool fires under boosted conditions. Also, 
spark ignition engines tend to produce a greater number density of ultra-fine nanoscale particles 
compared to compression ignition engines. As a consequence, additional research on particulate 
matter emissions for boosted DI gasoline engines is needed. In response to this need, this 
dissertation focuses on the effects of fuel injection strategies on particulate matter emissions, and 
the trade-off relationship between spark knock and soot is discussed, as well.  
 
2.3 Equipment 
2.3.1 Engine Facility 
A boosted Ricardo Hydra single cylinder research engine is used to perform all of the 
experimental research in this dissertation. This engine has three types of fuel injection systems 
which are direct injector, port fuel injector, and gaseous fuel injector, and two types of engine 
cylinder head, which include one cylinder head with a centrally mounted spark plug and another 
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cylinder head with a side mounted spark plug. Figure 2.2 shows a schematic of the boosted 
Hydra single cylinder research engine and supporting facilities. Three yellow circles indicate the 
injector locations, and the head type shown in Figure 2.2 is for the direct fuel injection mode. 
The gaseous fuel injector is located in the front side of the intake runner, and the injector tip is 
made of a porous sintered metal to evenly fumigate the gaseous fuels. 
 
 
Figure 2.2 A schematic overview of Hydra single cylinder research engine facility 
 
Figure 2.3 describes the two types of engine cylinder head. The pent-roof design cylinder 
head can be divided into two modes of operation. The first mode is centrally mounted spark plug 
type for port fuel injection mode which is depicted in Figure 2.3 (a), and the second mode is side 































































centrally mounted direct injector (Bosch HDEV4) in Figure 2.3 (b) is a piezoelectric injector and 
produces a hollow cone spray with a maximum of 30mm penetration length. The cylinder head 
for the centrally mounted spark (port injection) mode is used for Chapter 3 and 4 in this 
dissertation, and the cylinder head for the side mounted spark (direct or dual injection) mode is 
used for Chapter 5, 6, and 7. A detailed facility setup is described in each chapter.   
 
 
Figure 2.3 A schematic of engine cylinder head: (a) Port Fuel Injection Mode; (b) Direct 
Injection or Dual Injection Mode  
As shown in the Figure 2.2, intake air is compressed and filtered, and the pressure is 
regulated using a pneumatic valve downstream of the air filters to maintain the target intake 
pressure at the intake plenum. The air supply system to the engine intake includes a bypass 
heater and cooler located upstream of the intake plenum to maintain constant intake air 
temperature. Engine oil and coolant are conditioned by external systems to maintain constant 
temperature, and an oil filter is located in the oil conditioning system. 
The fuel supply system for direct injection has a fuel flow meter to calculate the air-fuel 
equivalence ratio in conjunction with an air mass flow meter (Fox Instruments FT2). The air to 
SparkPressure 
Transducer






[(b) Direct/Dual Injection Mode]
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fuel equivalence ratio was confirmed by the measured gaseous emissions using an emissions 
bench (Horiba MEXA-7100DEGR) and a lambda meter (ETAS LA4) with a lambda sensor 
(Bosch LSU 4.9) in the exhaust runner. The fuel supply system for port injection also has a fuel 
flow meter, and the fuel flow is controlled by injection duration with constant fuel rail pressure.   
The compression ratio of the engine is 10.5:1 with 0.5-liter displacement volume. The 
valve timing is fixed for all experimental conditions, and the valve opening duration is 226 crank 
angle degrees for both the intake and exhaust valves based on 0.5mm valve lift. Additional 
specifications are summarized in Table 2.1. 
 
Table 2.1 General Engine Geometry and Specifications 
Parameter Value 
 Displaced Volume 500 cm3 
 Bore / Stroke 86 mm / 86 mm 
 Connecting Rod 143 mm 
 Compression Ratio 10.5 : 1 
 Intake Valve Timing IVO 362 / IVC 136 bTDCign 
 Exhaust Valve Timing EVO 138 / EVC 364 aTDCign 
 Head Design Pent-roof 
 Number of Valves 4 
 Spark Plug Centrally mounted / Side mounted 
 Port Fuel Injector Bosch port fuel injector (280-150-15) 
 Direct Injector 
Bosch HDEV4 piezoelectric spray guided injector 
Hollow-cone spray (85° ± 5° spray angle) 
 
13 
The engine operating parameters were controlled using an in-house developed National 
Instruments (NI) Labview FPGA (Field-Programmable Gate Array) and real-time programs. The 
hardware was accompanied by eight digital and analog input and output modules in a compact 
real-time controller (cRIO). The in-house developed engine operating program allows for control 
over the spark timing, fuel injection timing, and fuel injection duration for the direct injector. 
The low-speed data including temperature, pressure, air and fuel flows, etc., are measured using 
NI modules and SCXI (Signal Conditioning Extension for Instrumentation) systems. 
2.3.2 Gaseous Emissions Measurements 
Exhaust gaseous emissions are measured using Horiba MEXA 7100-DEGR emissions 
bench. As presented in Figure 2.2, exhaust gases are sampled from the center top of the exhaust 
plenum through a perforated stainless tube and goes to the analyzers through heated filters and 
lines. Also, the intake air carbon dioxide concentration is measured using Teflon tubing and a 
separate analyzer. The temperature of all filters and line for exhaust gases is set to 191.15°C to 
avoid measuring species condensation, and the five analyzers and their operating principle are 
summarized in Table 2.2 and described below. 
The emissions bench measures a total of five species which are CO2, CO, O2, Total 
hydrocarbon (THC), and NOx. The CO2 and CO analyzers are combined in one analyzer 
instrument for the exhaust gas measurements, and a separate instruments measures CO2 
exclusively in the intake runner to calculate EGR rate. Both CO2 and CO absorb light in the 
infrared spectrum as a consequence of their molecular structures, so these species are measured 
by the non-dispersive infrared (NDIR) analyzer, which measures the absorption of infrared 
14 
radiation emissions at a certain frequency correlated to CO and CO2 (2.5 ~ 8μm) to determine the 
concentration by relating the amount of absorption compared to a calibration gas.  
 
Table 2.2 Emissions bench measuring species and operating principle 
 Measuring Species Operating Principle 
  O2 Paramagnetic 
  CO2 (Intake/Exhaust) Non-dispersive infrared (NDIR) 
  CO Non-dispersive infrared (NDIR) 
  THC (Total Hydrocarbon) Flame ionization detector (FID) 
  NOx Chemiluminescence 
 
Total hydrocarbon (THC) emissions are measured using the FID (flame ionization 
detector). The FID determines the carbon mass in the gas sample and converts it into a 
hydrocarbon mass by assuming a specific carbon to hydrogen ratio. The FID measures the ions 
released from combustion on a burner fueled by a mixture of helium and hydrogen. The sample 
hydrocarbon containing exhaust flow is premixed with the hydrogen and increases the ion 
counts, which can be correlated to the concentration of hydrocarbons.  
Oxygen concentration is evaluated by a paramagnetic analyzer that takes advantage of the 
phenomenon that oxygen uniquely has a much higher magnetic susceptibility than most other 
gases. As the concentration of oxygen in the analyzer, which is surrounded by a non-uniform 
magnetic field, changes, a rotational force is imparted on a suspended test body. The voltage 
required to keep the test body from rotating is proportional to the sample oxygen concentration. 
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Nitrogen oxides (NOx) emissions are measured by two chemiluminescence analyzers, one 
is for high concentration and the other one is for low concentration. The chemiluminescence 
analyzer utilizes ozone (O3) to oxidize NO to NO2 upon which light is released, whose intensity 
correlates to the NO concentration. Any NO2 in the exhaust is converted to NO prior to passing 
through the ozone stage, so that both NO and NO2 commonly referred to as NOx are measured.  
Furthermore, the air to fuel equivalence ratio (λ) of emission bench is calculated from the 
measured emissions using Brett/Spindt equation [12,13]. 
 
2.3.3 Particulate Matter Emissions Measurements 
A Cambustion DMS500 (Differential Mobility Spectrometer) is used to measure exhaust 
particulate matter emissions, specifically the particle size distribution. As Figure 2.2 shows, the 
particulate matter samples are collected at the end of exhaust runner with a quarter inch outer 
diameter stainless steel tubing with insulation, and for some of the experiments in Chapter 7, 
particulate matter is collected from the exhaust plenum. The measurement range for particle size 
is from 5 to 1000 nm (1 µm) with two stage dilution, and the exhaust sample flow pass through a 
cyclone separator on the first stage to filters large particles over 1 µm using heated first dilution 
air. The filtered sample flow is passed through a corona discharge where a charge is applied on 
the entrained particles, and then the flow travels to a classifier column with a high voltage 
electrode in the center. The particles get deflected towards the walls of the classifier rings 
according to their charge to drag ratio and deposit their charge on highly sensitive current 
pickups. Particles with a high charge/low drag ratio are deflected more and detected earlier in the 
classifier column and vice versa. A schematic of the classifier column is shown in Figure 2.4. 
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Figure 2.4 A schematic of DMS500 classifier [14] 
 
2.4 Knock Quantification Method 
There are several techniques to characterize engine knock such as cylinder pressure trace, 
audible knock, engine block vibration measurement, and intermediate radical species detection, 
and each method has specific objectives. Because the focus of this study is in-cylinder physical 
knock, the cylinder pressure and audible knock measuring methods are used to detect and 
quantify the engine knock. (This section is an extracted and modified from Han et al. [15], which 
is the same as Chapter 4.) 
2.4.1 Filtering Cylinder Pressure  
In order to obtain knock measurements from the raw in-cylinder pressure trace, an 
appropriate filtering process is essential. The most commonly used pressure-rectifying method, 
Fast Fourier Transformation (FFT), is used in this study. The process of FFT based filtering 
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involves converting raw pressure signals from the time to the frequency domain based on the 
Equation 2.1 and applying a high pass filter with a certain cut-off frequency, and then inverting 
the data from the frequency to the time domain. In Equation 2.1, the ‘t’ and ‘ω’ indicate the time 











Figure 2.5 shows the converted frequency domain cylinder pressure data from motoring 
to heavy knock for the baseline condition. Normally, lower frequencies represent the signal 
associated with compression and the standard flame propagation heat release, so a high pass 
filter is generally used to filter the knocking data. The cut-off frequency of the high pass filter is 
selected by comparing the knocking and non-knocking frequency domains. As the amplitudes of 
motoring, normal, and light knock signals illustrate in Figure 2.5, most of the normal combustion 
frequency is located under 3 to 4 kHz. So, the cut-off frequency for this study is chosen to be 
3500 Hz as illustrated by the dashed line in Figure 2.5. An example of the inverted signal from 




Figure 2.5 FFT amplitude and cut-off frequency: various cycles from motoring to heavy knock. 
(Gasoline only, λ=1.00, intake pressure = 1.2 bar, varied spark timing) 
 
Figure 2.6 Heavy knock cylinder pressure (top, black line) and filtered pressure (bottom, red 
line). (Gasoline only, λ=1.00, intake pressure = 1.2 bar, spark timing 13º bTDC) 
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2.4.2 Knock Index (KI)  
Knock intensity characterization methods are various and there is no conventional 
guideline to measure knock. The most commonly used methods are categorized by the domains 
of FFT: time and frequency. Time domain based intensity can be divided into peak basis single 
intensity and peak and duration integrated intensity. Also, the frequency domain based intensity 
is normally linearly matched to the time domain based intensity, but it has an additional benefit 
which is the ability to find a dominant frequency range on the frequency domain [10,16]. The 
time domain basis peak and energy index and frequency domain basis PSD (Power Spectral 
Density) analysis are described below. (Data processing MATLAB code is attached in Appendix 
A. Data Processing (MATLAB Script for Knock Intensity Calculation: ‘KI 20’ and ‘KI peak to 
peak’)) 
     2.4.2.1 Peak Basis Index 
Among the peak intensity measuring methods, two indices are commonly used: MAPO 
(Maximum Amplitude of Pressure Oscillations) and KI peak to peak (pressure difference 
between maximum peak and minimum peak of the filtered pressure). The MAPO index involves 
the absolute value of filtered pressure data and choosing the peak value in a knock occurring 
window [17,18]. In contrast, the KI peak to peak is the difference between maximum peak and 
minimum peak values.  
In this study, KI peak to peak is used for the peak basis intensity calculation. As shown 
by the vertical blue arrow in Figure 2.6, the difference from the maximum to minimum peak of 
filtered pressure is calculated using Equation 2.2.  
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𝐊𝐈 𝐩𝐞𝐚𝐤 𝐭𝐨 𝐩𝐞𝐚𝐤 =  | ( 𝒎𝒂𝒙 { 𝒑(𝒊) }  ) − ( 𝒎𝒊𝒏 { 𝒑(𝒊) } ) | (2.2) 
In Equation 2.2, p(i) indicates the filtered pressure and the ‘i ’ is crank angle degree 
value. The range of ‘i ’ is set from -20 TDCign to +70 TDCign, this is to avoid noise from other 
sources such as intake and exhaust valve closing signals; signal oscillation caused by the valve 
closing is occasionally higher than knocking oscillation in lower knocking cycle cases.  
     2.4.2.2 Energy Basis Index 
The peak basis intensity above is simple to calculate, but there is a drawback that such 
measurements could be affected by external noise. To address this concern, the signal energy 
basis intensity is also used to measure knock [19,20]. The common name of the energy basis 
intensity is SEPO (Signal Energy of Pressure Oscillations), and the SEPO method takes the 
average value of the square of the filtered pressure from the onset of knock to a given point of 
crank angle degree. The range of crank angle degree used by researchers varies, but a typical 
range is from 5 to over 20 crank angle degrees.  
Konig et al. [21] suggested an energy basis knock intensity method which is measured 
over a 20 crank angle degree range, which is called ‘KI 20’. The KI 20 measurement is adopted 
in this study, and the detailed calculation is shown in Equation 2.3, and illustrated in Figure 2.6.  
𝐊𝐈 𝟐𝟎 =  
1
𝑁𝑠𝑎𝑚𝑝







In Equation 2.3, Pmean is the average pressure value – zero level of the high-pass filtered 
data and Nsamp is the number of pressure samples within the 20 degree crank angle range 
following the offset of the first pressure pulse. The pressure data are measured per 0.1 crank 
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angle degree, so there are 200 data points for every 20 crank angle degrees, and Nsamp is 200 in 
this experiment. 
     2.4.2.3 Power Spectral Density Analysis 
The frequency domain can be also used to measure knock intensity. Two most commonly 
used methods are FFT amplitude spectrum analysis, shown in Figure 2.5, and PSD analysis. The 
advantage of the frequency domain analysis is the ability to find the peak frequency. The benefit 
of the PSD method is the ability to make an overall intensity comparison, regardless of the signal 
frequency.   
2.4.3 Relation between Peak and Energy Index 
Both the peak and energy basis indices are calculated and compared in order to determine 
a proper knock quantification index. First, the comparison between EGR and air dilution is 
carried out. Figure 2.7 demonstrates the relation between peak basis intensity (KI peak to peak) 
and energy basis intensity (KI 20). The green round symbols are air dilution data while the blue 
diamond symbols indicate EGR dilution, and the dilution cases show no noticeable difference.  
To examine the relation between the two knock indices, a regression equation is 
performed based on the combined air and EGR dilution data. When the polynomial regression is 
obtained without restrictions, the KI 20 is linear to 2.14th order of KI peak to peak, and the 
origin of KI peak to peak corresponds to a negative value of KI 20 (-0.0046 bar2). But 
considering the meaning and units of each knock index (bar and bar2), the equation form is set to 
a second order polynomial equation and forced to pass through the origin (0, 0). 
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𝑲𝑰 𝟐𝟎 =  0.0285 ×  (𝑲𝑰𝒑𝒆𝒂𝒌 𝒕𝒐 𝒑𝒆𝒂𝒌)
2
  ;   𝑅2 =  0.9643 (2.4) 
Equation 2.4 is the result of the final regression equation between KI 20 and KI peak to 
peak, with proper restrictions. The coefficient of determination (CoD, denoted by R2) of the KI 
peak to peak basis KI 20 regression is 0.9643. Meanwhile, the CoD of KI 20 basis KI peak to 
peak intensity is 0.843. 
 
 
Figure 2.7 The relation between peak intensity (KI peak to peak) and energy intensity (KI 20) 
under lean air and EGR dilution conditions. 
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Due to the advantage of using KI 20, which is less vulnerable to external noise and has 
higher predictability based on the higher CoD, the KI 20 method is chosen for knock 
quantification. Although the values of these indices that represent knock onset vary, the most 
frequently used knock onset guidelines are between 0.4 and 0.5 bar for KI peak to peak and 
between 10-3 and 10-2 for KI 20. From these ranges of values and the filtered data from the 
engine, the knock intensity guideline is set to 0.005 bar2 of KI 20. In the magnified view of 
Figure 2.7, the points below the dashed line are considered non-knocking points. 
In addition, the upper and lower dashed lines are the maximum and minimum trend lines 
with only changes to the coefficient of KI peak to peak
2 of Equation 2.4. The coefficient for the 
maximum line is 0.048, and for the minimum is 0.005. For a constant value of KI peak to peak, 
variation of KI 20 suggests the duration of the pressure oscillations is varying [16]. In other 
words, as KI 20 increases, the duration of pressure oscillation is longer. So, comparing points in 
Figure 2.7 along a vertical path (constant KI peak to peak), KI 20 varies substantially, where a 
higher value of KI 20 indicates less rapid decay of the pressure oscillations and a lower value 
indicates a more rapid decay of the pressure oscillations. 
2.5 Heat Release Analysis 
Heat release analysis is the most important data processing strategy for understanding the 
in-cylinder combustion process during operation of internal combustion engines. This study used 
two types of heat release analysis programs separately: The first one is a commercialized fast 
response combustion analysis tool named Indicom by AVL List GmbH [22], and the other one is 
an in-house code called ACE-HRA (Advanced Combustion Engine – Heat Release Analysis) 
[23] which is used for detailed post processing. Both analysis tools use similar principles (in-
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cylinder pressure data and various assumptions) and equations based on the first law of 
thermodynamics, but the two codes differ with regard to several details regarding assumptions.  
2.5.1 Instant Processing (AVL Indicom) 
The AVL IndiCom software [22] uses the first law of thermodynamics for calculating the 
heat release rate in real time with several preset parameters as provided in Equation 2.5. 
𝑄𝑖 =  
𝐾
𝜅 − 1
{ κ × 𝑝𝑖 × (𝑉𝑖+𝑛 − 𝑉𝑖−𝑛) + 𝑉𝑖  × (𝑝𝑖+𝑛 − 𝑝𝑖−𝑛)} 
(2.5) 
 
𝑛 Interval (1 crank angle degree) 
𝜅 Polytropic coefficient 
𝑝 Cylinder pressure 
𝑉 Volume 
𝐾 Constant (for unit conversion) 
 
The polytropic coefficient (κ) is constant which is specified in the engine parameters. 
Since the polytropic coefficient depends on temperature, the software uses a second coefficient 
for the calculation range after TDC. By setting the second coefficient to a value which is slightly 
smaller than the one used before TDC (which is transferred from the engine parameters), the heat 
release integral does not rise further after the end of combustion. This allows for a more accurate 
calculation of the end of combustion. For the polytropic coefficients for compression and 
expansion, the port fuel injection mode uses 1.32 (Compression) and 1.27 (Expansion), and the 
dual and direct injection modes employ 1.35 (Compression) and 1.30 (Expansion).  
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2.5.2 Post Processing (ACE-HRA) 
The ACE-HRA in-house MATLAB code developed by Ortiz-Soto et al. [23] also uses 
the first law of thermodynamics equation to calculate the rate of heat release profile. The gross 









+ ?̇?𝑤𝑎𝑙𝑙  
(2.6) 
In the Equation 2.6, Cv, m, T, are estimated mass, constant volume specific heat, mass, 
and gas mixture bulk temperature respectively, and P and V are the measured cylinder pressure 
data and calculated cylinder volume based on the engine geometry. The left-side term in 
Equation 2.6 is the net apparent heat release rate, and the right-side terms are the change in 
sensible internal energy, engine piston work, and cylinder wall heat transfer rate, respectively. 
The mass fraction burned xb is calculated by normalizing the left-side term with respect to 
the cumulative value from the start to end of combustion which are defined as the crank angle 
location of the minimum and maximum values. The heat release rate is obtained by 
differentiation of the cumulative gross heat release with respect to crank angle. The gas mixture 






In the Equation 2.7, P and V are the instantaneous cylinder pressure and volume, and m is 
total mass of the entrained mixture. The specific gas constant, R, is defined by the mean 
composition of the charged in-cylinder mixture which is changed based on the composition 
changes during combustion process. 
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2.6 Uncertainty Analysis 
Uncertainty analyses were performed to determine the precision and repeatability of the 
experimental results, for example, combustion phasing, efficiencies, and emissions based on the 
square root of the variance method introduced by Moffat [24], which is explained in Equation 
2.8.  








Each individual term in the parenthesis is combined by a root sum square method, and it 
represents the contribution made by the uncertainty in one variable, δXi, to the overall 
uncertainty in the result δR. Each term has the same form: the partial derivative of R with respect 
to Xi multiplied by the uncertainty interval for the variables. For the data analysis in this 
dissertation, the number N for is 200 for high speed data such as in-cylinder pressure basis 
combustion data, and 5 for gaseous emissions with 5 seconds interval, and 6 for particulate 





          Chapter 3  
 
 
Combustion Characteristics of Oxygenated Fuel (2,5-Dimethylfuran, 
Ethanol, and Isobutanol) Gasoline Blends in a Boosted SI Engine  
3.1 Preface 
This chapter is dealing with the first strategic parameter about the effect of oxygenated 
fuel blending on knock, engine combustion, and emissions. Three fuels (2,5-dimethylfuran, 
ethanol, and isobutanol) are selected for this oxygenated fuel study and the abstract for this 
chapter is attached below.  
Along with alcohol-based fuels such as ethanol and isobutanol, fuels with furan 
functional groups are of increasing interest for gasoline blends in boosted spark ignition (SI) 
engines due to their high knock resistance. Among various furan group fuels, 2,5-dimethyl furan 
is one of the most promising oxygenated fuel candidates owing to its higher energy density, 
water insolubility, accessible manufacturing process, and other desirable properties. This study 
investigates the effects of three different oxygenated fuels (2,5-dimethylfuran, ethanol, and 
isobutanol) in blends with gasoline on knocking engine combustion and particulate matter 
emissions in a boosted SI engine. The experimental results for the 2,5-dimethylfuran blends are 
compared with these two common alcohol fuels, ethanol and isobutanol. In the engine 
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experimental study, three major parameters are varied for the examination of the oxygenates: 
fuel type, blend ratio, and boost level. The blend ratios are swept from 0 to 30 volume percent, 
and all fuels are tested from throttled 0.8 bar to boosted 1.4 bar intake pressure to identify the 
knock limits along with spark timing sweep. Comparison these fuels at 20 volume percent 
blending ratio, the knock limit of the 2,5-dimethylfuran blend shows similar a result as the 
ethanol blend, and particulate number emissions of 2,5-dimethylfuran lie between that for 
ethanol and isobutanol. But, large diameter particles in the accumulation mode range are higher 
for 2,5-dimethyl furan than for the alcohol blends, and the size distribution range is wider than 
for the alcohol blends.   
3.2 Introduction 
Boosted spark ignition (SI) engines offer considerable thermal efficiency benefit 
compared to naturally aspired SI engines, but the increase in boost level increases knock 
propensity and knock tend to reduce the potential gains of efficiency. Therefore, many knock 
mitigation studies are conducted for boosted SI engines, and one of the most effective knock 
mitigation methods is blending high octane oxygenated fuels into gasoline [7,25].  
There are several high octane oxygenated fuel candidates, and the most common 
oxygenated fuel is ethanol. Ethanol is well known to have knock suppressing properties 
compared to gasoline, including high heat of vaporization. Also, ethanol is currently produced in 
large volumes via multiple second generation bio-fuel pathways, which can lower the 
dependency on fossil fuels. However, several challenges must be overcome including engine 
cold starts caused by low vapor pressure, lower energy density, higher aldehyde emissions, and 
so on. To overcome the drawbacks of alcohol fuels as gasoline additives, recently furan 
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functional group fuels have been suggested as high octane oxygenated fuels. Among several 
furan group fuel candidates, 2,5-dimethyl furan is considered to be one of the most promising 
furan fuel candidates because of its higher energy density, water insolubility, accessible 
manufacturing process [26], and so on. But, there are not many experimental engine studies with 
2,5-dimethylfuran blends in gasoline.  
Therefore, the focus of this study is to experimentally validate the knock related engine 
combustion and particulate matter emissions of 2,5-dimethylfuran gasoline blends, and to 
compare 2,5-dimethylfuran with two common alcohol fuels, ethanol and isobutanol, under 
boosted conditions.  
3.3 Experimental Details 
3.3.1 Engine and Fuel Specifications 
A boosted Ricardo Hydra single cylinder research engine is used for studying the three 
oxygenated fuels. As described in Chapter 2, a cylinder head configured for port fuel injection 
mode engine head with a pent-roof design and with a central mount spark plug, is used in this 
study. The cylinder pressure transducer (Kistler 6125A piezoelectric transducer) is located on the 
side of the head, and the compression ratio is 10.5:1 with 0.5-liter displacement volume. All 
gasoline-oxygenated fuel blends are premixed and injected by port fuel injector with 550 kPa (= 
5.5 bar) rail pressure. Additional engine specifications and operating conditions for Chapter 3 
studies are provided in Table 3.1. 
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Figure 3.1 A schematic of boosted Hydra single cylinder research engine for Chapter 3 
The schematic in the Figure 3.1 shows the air flow path and key components of the 
boosted engine. Compressed air is filtered, and the incoming pressure is regulated to maintain the 
target intake pressure. The air mass flow is measured by thermal mass flowmeter (Fox 
Instruments FT2), and the engine includes a by-pass heater and cooler located in front of the 
intake plenum for maintaining consistent intake air temperature. The engine is controlled with a 
National Instruments compact real-time controller (cRIO) and digital and analogue modules 
provided by Drivven hardware. The modules are accompanied by a piece of software that was 
used to implement the engine controller software within NI Labview. The in-house developed 
engine controller program permits the control of spark timing, port fuel injection timing and port 
fuel injection duration. The low-speed data acquisition system is based on the National 
Instrument modules and a SCXI system, and the high-speed data acquisition system is based on 

























































Table 3.1 Engine specifications and operating conditions for Chapter 3 
Displaced Volume 0.5 L 
Bore / Stroke 86 mm / 86 mm 
Compression Ratio 10.5 : 1 
Intake Valve Timing IVO: 362 bTDCign / IVC: 136 bTDCign 
Exhaust Valve Timing EVO: 138 aTDCign / EVC: 364 aTDCign 
Head Design Pent-roof / 4-valves / Central Spark 
Engine Speed 1500 rpm 
PFI Fuel Rail Pressure 5.5 bar (abs.) 
Intake Air Temperature 26.7 °C ± 0.8 °C 
Coolant / Oil Temperature 85 °C / 85 °C 
 
Gaseous emissions including CO/CO2, O2, THC (Total Hydrocarbon), and NOx are 
measured using the Horiba MEXA 7100-DEGR as described in Chapter 2. A Bosch LA4 wide 
range oxygen sensor, which is mounted in the exhaust runner, is used to determine the air to fuel 
equivalence ratio, and the values are matched to the lambda value of Horiba MEXA emissions 
bench for all experimental sets in real-time. 
Particle size distribution and particle number concentration are measured using a 
Cambustion DMS500 (Differential Mobility Spectrometer) mk2 fast particulate analyzer. As 
Figure 3.1 shows, the exhaust samples are collected on the exhaust side runner with 0.25-inch 
diameter stainless steel tubes and the captured samples are diluted with heated dry air in the first 
stage with a dilution ratio of 6:1 to prevent water and hydrocarbons from condensing onto the 
instrument and to avoid significant particle agglomeration. The diluted samples on the first stage 
are passed through a heated line maintained at 150°C and are diluted with dry air (dew point -
62°C) at a dilution ratio of 1:1 (0.8, 0.9, and 1.0 bar intake pressure conditions) and 12:1 
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(boosted intake pressure 1.1, 1.2, 1.3, and 1.4 bar conditions). All collected data are at a 
sampling rate of 10 Hz for 60 seconds and consequently averaged. 
 
Table 3.2 Properties of gasoline and blended oxygenated fuels (Ethanol, Isobutanol, and 2,5-
dimethylfuran) 





C2-C15 C2H6O C4H10O C6H8O 
H/C ratio (mole basis) 1.910 3 2.5 1.333 




46.07 74.12 96.13 
RON 91.5 109 b 105 b 119 b / 101.3 c 
MON 83.4 90 b 90 b N/A b / 88.1c 
Sensitivity (R-M) 8.1 19 15 13.2 c 
LHV [MJ/kg] 43.6 26.8 b 33.1b 33.8 b 
 
a
 Analysis Result from Gage Products Company, Ferndale, MI, USA. (2016);  
b Yanowitz. et al. Utilization of renewable oxygenates as gasoline blending components. No. NREL/TP-
5400-50791. National Renewable Energy Laboratory (NREL), Golden, CO., (2011) [27];  
c API Research Project (1956) [28]; 
 
The baseline gasoline fuel used in this study is oxygenate free, research grade gasoline 
provided by Gage Products Company. The research octane number is 91.5 and motor octane 
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number is 83.4 (sensitivity of 8.1). The ethanol used in this study is 200-proof anhydrous 
provided by the Deacon labs Inc., and the Isobutanol is a fuel grade 96~99% purity isobutyl 
alcohol from bio-feedstock provided by the Gevo Inc. The 2,5-dimethylfuran is from Acros 
Organics with 99% purity. 
  
3.3.2 Knock Intensity and Combustion Analysis 
In order to determine the knock limit, two types of methods are used in this study. The 
first one is audible knock which is measured during the experiment with a microphone and 
speakers, and the second method uses the filtered cylinder pressure profile in the post processing 
step. To determine the knock intensity for the second method, two calculation approaches are 
used in this study: KI peak to peak (Equation 3.1) and KI 20 (Equation 3.2), which are described in 
Chapter 2. Both knock intensities are used for determining the knock limit, but the KI peak to peak 
equation is given priority for plotting in Chapter 3. Heat release analyses including burn duration 
and mean effective pressure calculations are processed by Indicom commercial software which is 
described in Chapter 2. 
 
𝐊𝐈 𝐩𝐞𝐚𝐤 𝐭𝐨 𝐩𝐞𝐚𝐤 =  | ( 𝒎𝒂𝒙 { 𝒑(𝒊) }  ) − ( 𝒎𝒊𝒏 { 𝒑(𝒊) } ) | (3.1) 
𝐊𝐈 𝟐𝟎 =  
1
𝑁𝑠𝑎𝑚𝑝






3.3.3 Experimental Conditions 
The investigated fuel blends are shown in the Table 3.3. Tested fuel blends include a total 
of 9 sets. Pure gasoline was tested twice under the same conditions (E0, IB0, DMF0) to check 
baseline repeatability. Ethanol and Isobutanol are blended up to 30 % by volume in 10 percent 
increments, and 2,5-dimethylfuran blends are two cases, 10 and 20 by volume blended in 
gasoline. 
 
Table 3.3 List of gasoline-oxygenated fuel blends investigated 
Oxygenated Fuel Abbreviation 
Abbreviation 
 for blends 
Blends (v/v%) 
Ethanol ETOH E E0, E10, E20, E30 
Isobutanol IBOH IB IB0, IB10, IB20, IB30 
2,5-Dimethylfuran DMF DMF DMF0, DMF10, DMF20 
 
 
Engine experiments were conducted with three types of parameters for studying knocking 
related combustion, gaseous emissions, and particulate matter emissions. The first parameter is 
fuel blending ratio, which is up to 30 volume percent for ETOH and IBOH and up to 20 volume 
percent for DMF. The second parameter is a comparison of fuel molecular structure using 
gasoline and 20 volume percent blends of each of the three oxygenated fuels. The last parameter 
is intake pressure, which is swept from 0.8 bar to boosted condition up to 1.4 bar for each fuel 
set, demonstrating the each blend’s effects. Injection timing is 400 bTDC (closed valve 
injection), and injection duration is varied by intake pressure. The exhaust pressure is maintained 
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at 0.98 bar to avoid internal EGR (exhaust gas recirculation) effect in all cases, and the air to fuel 
ratio was maintained at 1.00 in all fuel cases.  
 
3.4 Engine Combustion and Knock 
3.4.1 Combustion Phasing and Knock Intensity 
In order to investigate the effects of these three parameters (fuel molecular structure, 
blend ratio, and intake pressure) on knock intensity, spark timing sweeps at 1 or 2 crank angle 
degree intervals are performed to find the maximum brake torque (MBT) or knock limit (KL) 
points. Figures 3.2 to 3.4 show the relationship between the three parameters and knock intensity 
as a function of combustion phasing. 
For the comparison of fuel molecular structure, the knock intensity of gasoline and 20 
volume percent oxygenated fuel blends are plotted in Figure 3.2 as a function of combustion 
phasing under four intake pressure conditions from 0.8 to 1.4 bar. The MBT region, which is 
between 7 and 10 crank angle degrees, is indicated in each plot from 0.8 to 1.2 bar conditions. As 
the combustion phasing advances, knock intensity starts to rise, and the increasing slopes are 
pretty similar for all fuel cases except 0.8 bar throttled condition. In the 0.8 bar throttled 
condition shown in Figure 3.2 (a), E20 fuel does not show any knocking points over the MBT 
timing, and DMF20 and IB20 also show the knocking points after the MBT timing. So, only 




Figure 3.2 Knock intensity (KI peak to peak) as a function of combustion phasing (CA50) of gasoline 
and 20 percent blend sets; (a) 0.8 bar, (b) 1.0 bar, (c) 1.2 bar, and (d) 1.4 bar intake pressure. 
 
In the wide open throttle (WOT) condition shown in Figure 3.2 (b), E20 also showed 
MBT before knocking, and all three other fuel sets show knocking prior to reaching MBT 
timing, and all fuel sets under boosted conditions (1.2 and 1.4 bar) show knocking before 
reaching MBT, as shown in Figures 3.2 (c) and (d). The order of knock onset timing is the same 
for all the fuels, regardless of the intake pressure: gasoline (earliest), isobutanol, 2,5-
dimethylfuran, and ethanol (latest). This order agrees with the order of both research and or 
motored octane numbers (RON / MON) for gasoline (91.5 / 83.4), isobutanol (105 / 90), and 
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ethanol (109 / 90) in Table 3.2, but the 2,5-dimethylfuran did not agree with any of the published 
research octane numbers (119 [27] and 101.3 [28]), which should be between 105 and 109 based 
on this experimental result. There could be several possibilities for this mismatch with research 
octane numbers compared to these engine experimental data. The first possibility could be 
different blending effects on octane number between the furan and the alcohol functional groups. 
For instance, Anderson et al. [29] studied the blending ratio effects on octane number in detail 
using gasoline and ethanol, and observed a non-linear relationship with volumetric ethanol 
concentration and different gasoline compositions of various blendstocks. Considering their 
blending study, 2,5-dimethylfuran (or furan functional group) could have significantly different 
characteristics of the relationship between blending rate and octane number compared to the 
alcohol group. Another possibility could be octane sensitivity (OS) [30–32] (which is closely 
related to knock resistance at boosted high load conditions) differences of 2,5-dimethylfuran 
gasoline blends. In detail, furan blends are less sensitive to high pressure due to the stable 
chemical structure, and this agrees with an auto-ignition research of 2,5-dimethylfuran as a diesel 
additive using motored CFR engine [33]. As comparing DMF20 knock intensity sets with other 
fuels in Figure 3.2 (a) to (d), the onset of knocking point of DMF20 gradually reaches out to 
ethanol knock onset points. So, this possibility is pretty persuasive. The other possibility could 
be due to the less accurate octane number measurements in the referenced studies as discussed in 
the Introduction of this chapter of the thesis. Since 2,5-dimethylfuran came to be an oxygenated 
fuel candidate quite recently, there are not many octane related studies and octane rating results. 
So, more 2,5-dimethylfuran studies need to be conducted regarding blending octane number and 
knocking. 
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Figure 3.3 is the same knock intensity data set as Figure 3.2, but categorized by fuels 
under different intake pressure conditions. The cross-sectional points between the graph and the 
orange dashed line indicate knock onset points in each figure, and the amount of knock limit 




Figure 3.3 Knock intensity (KI peak to peak) as a function of combustion phasing (CA50) of 
different intake pressure; (a) gasoline, (b) E20, (c) IB20, and (d) DMF20. 
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Figure 3.4 Knock intensity (KI peak to peak) as a function of combustion phasing (CA50) of blend 
ratio sets under 1.4 bar boosted condition; (a) ETOH blends, (b) IBOH blends, and (c) DMF 
blends. 
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The effect of the third parameter (blend ratio) on knock intensity is plotted in Figure 3.4. 
This graph is the highest boosting pressure data set (1.4 bar intake pressure), and three other 
cases are attached in Appendix B. Supplemental Material for Combustion Characteristics of 
Oxygenated Fuel Gasoline Blends (Chapter 3). Gasoline is shown in the black color line, which 
is same as E0, IB0, and DMF0 for all plots.   
 
 
3.4.2 Combustion Phasing and Knock Limit 
Figure 3.5 shows the maximum brake torque or knock limited combustion phasing 
(CA50) as a function of load (IMEPg). The knock limited (KL) points are indicated by filled 
symbols and maximum brake torque (MBT) points are indicated by empty symbols in Figure 3.5.   
Figure 3.5 (a) is a summary graph for the 20 percent oxygenated fuel blends, and Figures 
3.5 (b) to (d) are blend ratio differences of ethanol, isobutanol, and 2,5-dimethylfuran 
respectively. The advance of knock limited combustion phasing with increasing blend ratio for 
the three fuels is consistent, and the amount advance in combustion phasing for isobutanol is less 
than for the other two oxygenated fuels as shown in the knock intensity graphs in Figure 3.4. The 
amount of advance of knock limited combustion phasing for E20 and DMF20 are twice as high 




Figure 3.5 Maximum Break Torque (MBT) and Knock Limited (KL) combustion phasing 
(CA50) based on the load (gross IMEP); (a) 20% blend sets comparison, (b) ethanol blend sets 
comparison, (c) iso-butanol blend sets comparison, and (d) 2,5-dimethylfuran blend sets. 
   
3.4.3 Burn Duration and Knock Limit 
Burn duration (CA1090), crank angle between 10 and 90 percent mass fraction burned, 
for all intake pressures for gasoline is plotted in Figure 3.6 as a function of combustion phasing 
(CA50). With increasing intake pressure, the burn duration line gradually moves to right hand 
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side, and burn duration at the same combustion phasing is shortened along with intake pressure, 
shown by the green vertical line. But, the knock limited burn duration is increased with 
increasing boost pressure, shown with an orange arrow (1.3 crank angle degrees increased from 
0.8 bar to 1.4 bar intake pressure). The effect of retarded spark timing under boosted conditions, 
follows the same trend for each 20-volume percent fuel blend, as shown in Figure 3.7.  
Figure 3.8 is a summary graph of the burn duration of the knock limited points under 
different boost pressure. This trend agrees with the knock limited combustion phasing as a 
function of load (IMEPg), as shown in Figure 3.5 (a).  
 
 
Figure 3.6 Averaged burn duration (CA1090) for gasoline as a function of combustion phasing 
(CA50) from 0.8 bar to 1.4 bar intake pressure. 
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Figure 3.7 Averaged burn duration (CA1090) of 20 volume percent blends as a function of 
combustion phasing (CA50) from 0.8 bar to 1.4 bar intake pressure 
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Figure 3.8 Averaged burn duration (CA1090) for gasoline and 20 volume percent blends as a 
function of load (IMEPg)  
 
3.4.4 Indicated Thermal Efficiency 
Consistent with the knock limit extension with the addition of the oxygenated fuels, the 
thermal efficiency is improved under boosted conditions. Figure 3.9 depicts the gross indicated 
thermal efficiency (ITEg) for gasoline and 20 volume percent oxygenated fuel blends, with error 
bars, as a function of the load (IMEPg). As shown for the 0.8 bar throttled condition near 8 bar of 
IMEPg, thermal efficiencies for all fuels are almost identical regardless of whether they are 
knock limited or maximum brake torque conditions (filled symbols are knock limited and open 
symbols indicate MBT timing). But the thermal efficiency for gasoline gradually decreases with 
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increasing the boost level due to the retarded knock limit under boosted conditions. The IB20 
fuel blend shows better thermal efficiency than gasoline under boosted conditions, and the 
improvement increases with increasing boost level. The E20 and DMF20 cases show the highest 
efficiency among the four sets of experiments, and the amount of efficiency improvement is 
higher with increasing boosting level, as well. The order of thermal efficiency improvement 
under boosted pressure is same as the knock limited phasing. Knock limited phasing for DMF 20 
is slightly earlier than for E20 as Figure 3.2 shows, but the effect of knock limited phasing 
difference on thermal efficiency appears negligible. While in some cases the thermal efficiency 
for DMF20 is slightly higher than E20, the differences are not statistically significant.     
  
 
Figure 3.9 Gross indicated thermal efficiency (ITEg) for gasoline and 20 volume percent blends 
as a function of load (IMEPg) 
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3.4.5 Combustion Stability 
Combustion stability differences, which is calculated from the coefficient of variation 
(CoV) of the load (IMEPg), are shown in Figure 3.10. Gasoline shows the most unstable 
combustion compared to the other fuels, but all CoV values are in an acceptable range (less than 
3%). The reason of higher CoV value for gasoline is because of early knock limited condition. In 
general, as spark timing advances, CoV values are gradually decreased, so the CoV of gasoline 
under higher load could be due to earlier knock limited phasing. The order of combustion 
stability also agrees with the order of knock limited phasing.  
 
 
Figure 3.10 Coefficient of Variance (CoV) of IMEPg for gasoline and 20 volume percent blends 
as a function of load (IMEPg) 

































3.5 Gaseous Emissions 
3.5.1 Total Unburned Hydrocarbon (THC) Emissions 
Figure 3.11 shows total unburned hydrocarbon (THC) emissions at knock limited points 
as a function of the load. All emissions values are converted into indicated specific values using 
‘ppmC1’ basis. Unburned hydrocarbon emissions are generally related to combustion quality 
(i.e., combustion efficiency). THC emissions for gasoline are higher than the other fuel blends, 
and this could be due to excessive spark retard due to knocking. Three other blends (E20, IB20, 
and DMF20) show very similar THC emissions levels.  
 
 
Figure 3.11 Indicated specific total unburned hydrocarbon (THC) emissions of knock limited 
points as a function of load (IMEPg). 








































One noticeable phenomenon in Figure 3.11 is the gradually increase of THC emissions 
with increasing boost level. The unburned hydrocarbon emissions are not changed much by fuel 
blends, but all fuels show significantly increased THC emissions by increased intake pressure. 
This could be an important signal of general combustion quality, for example, insufficient 
mixing rate or in-cylinder pool fires. This is a port fuel injection mode configuration (not a direct 
injection system), so the mixing rate might not be a problem for this study. The most likely 
reason for the higher unburned hydrocarbon is the in-cylinder pool fire. With increasing boost 
level, more fuel is needed to maintain 1.00 of air to fuel equivalence ratio. For instance, around 2 
times more fuel is injected under 1.4 bar boosted condition compared to 0.8 bar throttled 
condition, in the case of gasoline. If there is a pool fire, generally more particulate matter is 
emitted, which is observed in the particulate matter emissions results, as discussed in the next 
section.     
 
3.5.2 Carbon Monoxide (CO) Emissions 
Figure 3.12 depicts carbon monoxide (CO) emissions results for gasoline and 20 volume 
percent blends as a function of load (IMEPg). Carbon monoxide emissions are generally affected 
by lambda value and combustion quality, as well. The air to fuel equivalence ratio (λ) is kept at 
1.00 for all experiments, so combustion quality could be the reason for different carbon 
monoxide emissions. Carbon monoxide emissions for gasoline and the three oxygenated blend 
sets are relatively comparable to each other, but the order of carbon monoxide emissions are 
DMF20, IB20, gasoline, and E20. The higher carbon monoxide value for DMF20 could be 
because more time is needed for chain branching of the furan structure compared to alcohol 
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structure [34] due to the more stable structure of DMF. Also, CO emissions for all cases 
gradually decreased with increasing intake pressure. This is possibly due to the increased 
cylinder temperature, which promotes more complete combustion, under boosted conditions.  
 
 
Figure 3.12 Indicated specific carbon monoxide (CO) emissions for knock limited points as a 
function of load (IMEPg) 
 
3.5.3 Nitrogen Oxides (NOx) Emissions 
Nitrogen oxides (NOx) emissions for gasoline and 20 volume percent blends are shown in 
Figure 3.13 as a function of load. The level of nitrogen oxides emissions is strongly related to the 
in-cylinder peak temperature [35,36]. Considering the higher heat of vaporization values for the 





































oxygenated fuels, the higher nitrogen oxides emissions value for gasoline are reasonable. Lower 
nitrogen oxides emissions for IB20 and DMF20 could be due to retarded spark timing compared 
to E20 fuel under boosted conditions, and higher NOx emissions for DMF20 under throttled 
condition appears to be because of more advanced combustion phasing (near 7 crank angle 
degree of CA50) compared to the other fuels (after 10 crank angle degree of CA50) under non-
knocking condition as shown in Figure 3.2 (a). 
 
 
Figure 3.13 Indicated specific nitrogen oxides (NOx) emissions of knock limited points as a 
function of load (IMEPg) 
 































3.6 Particulate Matter Emissions 
Particulate matter (PM) emissions results are divided into three sections: Intake pressure, 
Blend ratio, and Knock limited conditions.  
3.6.1 Particulate Matter Emissions by Intake Pressure 
Figure 3.14 shows the particulate matter size distributions and numbers for gasoline and 
the 20 volume percent blends at knock limited or maximum brake torque points under four 
different intake pressure conditions from 0.8 to 1.4 bar. The scale of the vertical axis is set to the 
same value in all pressure conditions for comparing the effect of intake pressure on particulate 
matter emissions. Unlike direct injection system, the port fuel injection system has enough time 
for fuel evaporation and mixing before combustion starts, so as the 0.8 bar throttled condition 
data shows, very low particulate emissions are produced with port fuel injection, regardless of 
the fuel. With increasing intake boost level, particulate matter emissions gradually increase under 
knock limited points. Particulate matter emissions under wide open throttle (1.0 bar intake) 
conditions are slightly increased compared to the 0.8 bar condition for the 20 volume percent 
blends, but for gasoline PM emissions start to increase significantly. The PM emissions for the 
three 20 volume percent oxygenated fuel blends start to significantly increase from 1.2 bar, and 
continue to increase under 1.4 bar boost. The order of particulate matter emissions under knock 
limited operation is generally the same as the order of knock onset timing shown in Figure 3.2. 
Figure 3.15 indicates calculated accumulation mode particles (growth of nucleation mode 
particles normally between 23 nm and 1 µm diameter [37]) under 1.4 bar boosted condition. One 
observation from the accumulation mode particle results is that DMF20 blend set shows wide 
soot distribution range compared to the other fuel sets. This wide distribution can be found in the 
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1.2 bar condition of Figure 3.14, as well. The reasons for a wide soot distribution could be due to 
the furan structural effects on sooting tendency, and this wide distribution phenomenon agrees 




Figure 3.14 Particulate matter emissions size distribution and total number for gasoline and 20 
volume percent blends at knock limited points; Intake pressure 0.8, 1.0, 1.2, and 1.4 bar.  
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Figure 3.15 Accumulation mode size distribution for gasoline and 20 volume percent blends at 
knock limited points under 1.4 bar boosted condition. 
 
3.6.2 Particulate Matter Emissions by Blending Ratio 
Figures 3.16 and 3.17 shows blend ratio effects on accumulation mode particulate matter 
emissions at knock limited points under boosted conditions, and the points are shown in Figure 
3.4 (a) and (b) in detail. The accumulation mode particles are gradually decreased with 
oxygenated fuel addition to gasoline for both isobutanol and ethanol. There could be several 
possible reasons for the reduced particulate matter emissions. One possible reason is that the 
addition of oxygenated fuel to gasoline reduces the aromatic content in the gasoline mixture. 
Accumulation mode particle emissions vary linearly with polycyclic aromatic hydrocarbons 
(PAHs) in the fuel, and the decreasing amount of accumulation mode particles shows a linear 
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trend as well. The other reason could be increased oxygen content. Increased oxygen in fuel 
helps to a lower the formation rate of soot and yields a higher soot oxidation rate, in general. 
And, this trend agrees with a diesel engine particulate matter emissions results by Song et al. [41]   
 
Figure 3.16 Accumulation mode size distribution of ethanol blend sets at knock limited point 
 
Figure 3.17 Accumulation mode size distribution of isobutanol blend sets at knock limited point 
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3.6.3 Particulate Matter Emissions by Knock Limits 
In general, particulate matter emissions gradually increased with advancing spark timing 
mainly due to reduced oxidation time, as much as the advanced combustion phasing. However, 
the particulate matter emissions near knocking condition show a somewhat different trend from 
normal engine combustion. Figure 3.18 shows the particulate matter emissions trend near knock 
limited conditions and the size distributions for gasoline and 20 volume percent blends. The top 
left figure shows total particulate numbers as a function of combustion phasing. The filled 
symbols are knocking points and the empty symbols are non-knocking points. Figure 3.18 is 
clearly shown that the slope of total numbers is instantly increased after the onset of knock for all 
cases. For a better understanding of the increased total particle number emissions, the size 
distributions for all four fuels are plotted in the lower four figures. All fuels show very similar 
trends, in that nucleation mode particles are not changed much even under knocking conditions, 
but the accumulation mode particles are dramatically increased after the onset of knock. As the 
total number graph shows, the extent of increase of particulate number emissions is fairly 
consistent. There could be several reasons for the increased particulate matter emissions after the 
onset of knock, and these concepts are discussed in Chapter 7. The DMF20 blend set shows wide 






Figure 3.18 Total numbers as a function of combustion phasing (top left), and particulate matter 
size distributions for gasoline and three oxygenated fuels at knock limited point (top right) and 
various combustion phasing (the others) under 1.4 bar boosted condition. The filled symbols 
denote knocking conditions. 


















































  Gasoline KL 
  E20 KL
  IB20 KL



























  CA50 = 33.5 CAD 
  CA50 = 31.6 CAD
  CA50 = 30.0 CAD
  CA50 = 28.0 CAD
  CA50 = 26.3 CAD
  CA50 = 24.7 CAD


























 CA50 = 25.9 CAD 
 CA50 = 22.5 CAD
 CA50 = 19.8 CAD
 CA50 = 18.1 CAD
 CA50 = 16.9 CAD
 CA50 = 15.4 CAD
[ E20 ] 
























  CA50 = 30.6 CAD 
  CA50 = 27.3 CAD
  CA50 = 24.1 CAD
  CA50 = 22.7 CAD
  CA50 = 20.9 CAD
  CA50 = 19.3 CAD
[ IB20 ] 




























  CA50 = 21.5 CAD
  CA50 = 20.1 CAD
  CA50 = 18.4 CAD
  CA50 = 17.1 CAD 
[ DMF20 ] 
@ P int  = 1.4 bar
57 
3.7 Conclusions and Summary 
The effect of three parameters (fuel type, blend ratio, and boost level) on combustion 
characteristics and emissions has been experimentally explored using three oxygenated fuels 
(2,5-dimethylfuran, ethanol, and isobutanol) in blends with gasoline. The following conclusions 
are derived from the experimental results and analyses:   
(1) Engine Combustion and Knock  
 By adding 20 percent of the oxygenated fuels into gasoline, knock limits are extended based 
on combustion phasing (CA50), and the order of knock limit extension is Gasoline < 
Isobutanol < Dimethylfuran ≤ Ethanol.  
 Thermal efficiency is improved due to extended knock limits, especially under boosted 
condition with oxygenated fuels. The order of thermal efficiency improvement is the same 
as the knock limit extension.  
 Combustion stability is improved with oxygenated fuel blends by reasons of advanced spark 
timing compared to gasoline.  
 Unburned hydrocarbon (THC) emissions are significantly increased with boosting, and this 
could be due to lower combustion quality, such as due to pool fires.  
 Nitrogen oxides (NOx) emissions are slightly increased with the fuel blends under boosted 
conditions. 
(2) Particulate Matter Emissions  
 Overall PM and PN trends for all fuel blends were similar regardless of the intake pressure. 
 Particulate numbers are gradually decreased with oxygenated fuel blends 
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 The order of particulate number emissions for 20 percent volume blends is Gasoline >> 
IB20 > DMF20 > E20 under knock limited condition.  
 Addition of 2,5-dimethylfuran generally yields a wide soot distribution range compared to 







          Chapter 4  
 
 
Effect of Syngas (H2/CO) on SI Engine Knock under Boosted EGR and 
Lean Conditions 
This chapter was published as Han, T., Lavoie, G., Wooldridge, M., and Boehman, A., "Effect of 
Syngas (H2/CO) on SI Engine Knock under Boosted EGR and Lean Conditions", SAE 




This chapter is about the first and second strategic parameters about the gaseous fuel and 
the mixture dilution. Syngas, which is comprised of hydrogen and carbon monoxide, is selected 
for gaseous fuel study, and both EGR (Exhaust Gas Recirculation) dilution and lean combustion 
are compared in detail. The abstract for this chapter is attached below.  
Syngas (synthesis gas) aided combustion from various fuel reforming strategies is of 
increasing interest in boosted lean burn SI engines due to its impact on dilution tolerance and 
knock resistance. Due to the interest in reformed fuels, more concrete understanding of how to 
leverage syngas supplementation under various lean conditions is essential to optimize engine 
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performance and derive the most benefit from the availability of syngas in the combustion 
process. While the impact of syngas supplementation on combustion stability has been studied 
adequately, detailed understanding of the impact of syngas on knocking is still limited. Hence, 
this study investigates the effect of syngas (H2/CO) addition on knock tendency under boosted 
EGR (Exhaust Gas Recirculation) and air diluted conditions. Syngas amount is controlled on an 
energy basis from 0% to 15% to compare the difference between EGR and air dilution. At first, 
several knock quantification methods are compared, and a suitable knock index and guideline are 
selected. Knocking tendencies with respect to the frequency, combustion phasing, and burn 
duration are analyzed based on observed engine knock. Also, the thermal efficiency and 
emissions difference are discussed as well. The results show that with increasing the syngas 
supplementation ratio, knocking is strongly suppressed, and the effect is more beneficial with 
EGR dilution than with air dilution.  
 
4.2 Introduction 
Boosted EGR (Exhaust Gas Recirculation) or air diluted lean burn SI (Spark Ignition) 
engines offer considerable thermal efficiency benefits compared to naturally aspirated SI engines 
[5,6,42]. By increasing boost level, thermal efficiency increases due to the rise in volumetric 
efficiency and reductions in pumping and friction losses. Additionally, with higher dilution 
levels, efficiency is improved as a result of lowered peak cylinder temperature and increased 
specific heat ratio (γ) of the working fluid [7]. However, with increasing boost level and dilution 
ratio, combustion instability and engine knock are severely increased due to mixture and cylinder 
conditions.  
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To counteract the stability and knocking problems of SI combustion under boosted lean 
conditions, synthesis gas, which is generally comprised of hydrogen and carbon monoxide, 
supplemented combustion is one of the most promising methods in the advanced combustion 
field due to its impact on dilution tolerance and knock resistance [43–45]. Hydrogen has faster 
flame speed as well as higher octane number, so it helps to improve combustion stability and 
knock mitigation. Carbon monoxide also has relatively high-octane number, so it helps to reduce 
knocking tendency as well. In addition, it is known that when carbon monoxide oxidizes in the 
presence of water vapor, such as with EGR or water injection, the knocking tendency is 
decreased due to inhibition of auto-ignition because CO is less likely to react with oxygen as a 
result of the speed of the CO + OH· → CO2 + H· reaction [25].   
The most practical way to supply syngas to an engine is through fuel reformation. As a 
consequence, a variety of on-board fuel reforming systems have been developed such as in-
cylinder reformation [46–49], plasmatron [50], solid oxide fuel cell [51], endothermic catalytic 
reformer using exhaust waste heat [52,53], etc. However, the reforming capacities and product 
compositions of these systems are diverse, so adequate guidelines and concrete understanding of 
how to leverage syngas addition are essential to optimize engine performance based on the 
flammability and knock limits of lean boosted condition. 
Up to the present, many studies have considered the effect of hydrogen or syngas 
addition on combustion stability in boosted lean burn SI engines [54–56]. Studies on the effect of 
syngas on engine knock, however, are still limited, and the relation between the addition of 
syngas and knock mitigation varies depending on operating conditions. Shinagawa et al. [57] 
demonstrated that hydrogen addition decreases engine knocking tendency due to reduced burn 
duration and inhibition of fuel decomposition and radical production under rich conditions. Gerty 
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et al. [58] conducted a reformate fuel addition experiment under stoichiometric conditions, and 
results showed that 30% reformate addition decreases the required octane number by more than 
10, and the change in required octane number is affected by fuel composition. Topinka et al. [45] 
described that 15% of fuel reformation increases by 10 the octane number of a fuel mixture 
under air diluted lean conditions mainly due to slowing the ignition of the end-gas. However, 
with increasing air-fuel ratio at constant fuel mass and intake air boosting, knock tendency 
increases as a result of peak pressure and temperature rise. In contrast, Chen et al. [59,60] 
asserted that knocking is increased with hydrogen addition under lean conditions. Therefore, a 
clear explanation of knock and lean combustion is essential.  
The focus of this study is to examine and compare the knock trends between boosted 
EGR and air diluted lean conditions with varied syngas addition amount. First, multiple knock 
indices are applied, and the propensity of knock under EGR and lean conditions is discussed. In 
addition, combustion and knock are examined with respect to the combustion phasing, burn 
duration, efficiency, and emissions.  
 
4.3 Experimental Setup 
4.3.1 Engine and Fuel Specifications 
All experimental data presented in this study were obtained with a boosted Ricardo 
Hydra single cylinder research engine at the W.E. Lay Automotive Laboratory at the University 
of Michigan. Two fuel injection systems were used in this experiment; one is port fuel injection 
for gasoline and the other one is a gaseous fuel fumigation system for syngas supplementation. 
63 
Both fuel systems have fuel flow meters to enable calculation of the air-fuel ratio independently 
from the exhaust lambda meter and the emission bench air-fuel ratio calculation. 
 
 
Figure 4.1 A schematic of boosted Hydra single cylinder research engine for Chapter 4 
 
The engine includes an external cooled EGR loop controlled by back pressure and EGR 
valves. The intake air temperature is regulated with a by-pass heater and a cooler located in front 
of the intake plenum. The schematic in Figure 4.1 shows the air flow path and major components 
of this engine. The engine has a compression ratio of 10.5:1 and the cylinder pressure transducer 
(Kistler 6125A piezoelectric transducer) is 4mm in diameter and is located on the side of the 



















































amplified (AVL IFEM) and recorded (AVL Indiset module) with a crank angle encoder signal 
(AVL 365C01). 
 
Table 4.1 Boosted Hydra single cylinder research engine specifications and operating conditions 
for Chapter 4 
 Displaced volume        0.5 L 
 Bore / Stroke               86 mm / 86 mm  
 Compression Ratio    10.5 : 1  
 Intake Valve Timing    IVO: 362 bTDCign  /  IVC: 136 bTDCign 
 Exhaust Valve Timing    EVO: 138 aTDCign  /  EVC: 364 aTDCign 
 Head Design    Pent-roof / 4 Valve / Central Spark 
 Engine Speed    1500 rpm 
 Intake Air Temperature    26.5 ºC ± 0.75 ºC  
 Coolant Temperature    85 ºC  
 Oil Temperature    85 ºC 
  
 
The gasoline fuel used in this study is HF0072 research grade gasoline provided by 
Haltermann Solutions Ltd. The research octane number is 91.1 and motor octane number is 83.0 
(sensitivity of 8.1). Syngas composition is 43.97 mole% of hydrogen and 56.03 mole% of carbon 
monoxide using bottled gas provided by Airgas. The composition of syngas is motivated by the 
plasmatron reformate fraction [45]. 
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Syngas [45,61]  
H2 (44%mol)  CO (56%mol) 
 Research Octane Number 91.1 > 130 106 
 Lower Heating Value [MJ/kg] 43.1287 120 10.1 
 Stoichiometric A/F ratio 14.52 34.2 2.47 
 Hydrogen / Carbon ratio (mole basis) 1.8805 - - 
 Oxygen / Carbon ratio (mole basis) 0.0 - 1.0 
 
4.3.2 Experimental Condition 
To explore the effects of the synthesis gas supplementation on knocking under different 
dilution conditions, both stoichiometric and EGR / Air diluted experimental conditions were 
considered. Prior to the comparison experiments at diluted conditions, stoichiometric 
experiments were performed with gasoline only and with syngas supplement on a 10% energy 
basis to find MBT (Maximum Brake Torque) and knock limited points. The intake pressure was 
varied from 0.4 to 1.6 bar with 0.1 bar intervals and spark sweep was done in each intake 




Figure 4.2 Air to fuel ratio and experimental conditions (Stoichiometry, EGR, and Lean 
conditions) 
 
For the comparison experiments between EGR and lean conditions, the intake and 
exhaust pressures are fixed to 1.20 and 1.40 bar respectively, and a schematic of EGR and air 
diluted conditions is shown in Figure 4.2. Based on the stoichiometric air mass, additional 25% 
of EGR and air is added in cylinder. Thus, the EGR mass fraction of the charge is controlled to 
20% with lambda value of 1.00, and the lambda value of the lean condition is 1.25. The intake 
and exhaust pressures are kept constant in all comparison tests to avoid the possibilities of 
internal EGR effects. The fuel energy is kept constant in all identical intake pressure conditions, 
and the syngas amount is controlled on an energy basis from 0% to 15% in 5% intervals.  
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Since the knock behavior is very sensitive to day-to-day changes in ambient conditions, 
each comparison experiment is performed on the same day, and identical sets are repeated for a 
total of three times on different days to test repeatability.  
 
4.3.3 Air Fuel Ratio and EGR Measurement 
To measure and control the air fuel ratio in real time, both the ETAS LA4 lambda meter 
and the Horiba MEXA 7100-DEGR emissions bench are used. Lambda meter has a faster 
response than the emissions bench, so all data recording is done after stabilization and matching 
of these two air-fuel ratio values. In addition, recorded fuel and air flow based calculations are 
analyzed as a post processing step to check the air-fuel ratio values again.  
𝑬𝑮𝑹𝒓𝒂𝒕𝒊𝒐 [%] =   
𝐶𝑂2 (𝑖𝑛𝑡𝑎𝑘𝑒) − 𝐶𝑂2 (𝑎𝑚𝑏𝑖𝑒𝑛𝑡)
𝐶𝑂2 (𝑒𝑥ℎ𝑎𝑢𝑠𝑡) − 𝐶𝑂2 (𝑎𝑚𝑏𝑖𝑒𝑛𝑡)
 × 100  
 
(4.1) 
EGR ratio is controlled based on the emissions bench measured value using Equation 4.1. 
 
4.4 Knock Propensity and Frequency 
4.4.1 Cylinder Pressure and Knock Trend 
To directly compare the difference of pressure traces and knock trends among varied 
syngas ratios for the two dilution conditions, cylinder pressures and filtered pressures are plotted 
at the same spark timing conditions. Figure 4.3 shows the normal and filtered pressure traces for 
the two dilution conditions. In each dilution case, the spark timing was fixed while the syngas 
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amount varied. The spark timings for EGR dilution and for air dilution were different. Selected 
cylinder pressure traces are the closest traces to each average value of cylinder pressure, onset of 
knock, and KI 20 among the recorded 200 cycles.  
As shown in the pressure traces presented in the upper panels of Figure 4.3, combustion 
is advanced with increased syngas amount due to the faster flame speed of the hydrogen in the 
syngas. The lower panels in Figure 4.3 show the filtered knocking cycles using a FFT high pass 
filter with a 3.5 kHz cut-off frequency. The oscillations of all cases look similar, but the onset of 
knock is advanced with increasing amounts of syngas. This trend agrees with similar knocking 
cycle comparisons for neat gasoline and for neat hydrogen conducted by Szwaja et al [62].  
 
4.4.2 Power Spectral Density Analysis 
The PSD analysis is a tool for observing peak frequency ranges and signal intensity 
regardless of which frequency is dominant. Figure 4.4 shows the PSD analysis for various syngas 
amounts for EGR dilution (upper panel) and air dilution (lower panel). The dominant frequencies 
denoted by R1 through R5 in Figure 4.4 are similar for all of the syngas cases and for both EGR 





Figure 4.3 Pressure traces and rectified pressure signals; EGR dilution at 28 bTDC spark, Pint = 
1.2bar (left) and Air dilution at 18 bTDC spark, Pint = 1.2bar (right) 
 
Figure 4.3 suggests that for fixed spark timing, syngas addition increases knocking 
intensity. In contrast, Figure 4.4 indicates that at the same CA50 value, syngas addition decreases 
knock intensity.  
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Figure 4.4 PSD analysis results of same CA50 points; EGR at 12 CAD, Pint = 1.2 bar (top), Air at 
18 CAD, Pint = 1.2 bar (bottom) 
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4.5 Engine Combustion Results 
4.5.1 Combustion Phasing and Knock 
A spark timing sweep at 1 crank angle degree interval is performed to find the knock 
limit for each dilution condition while varying the amount of syngas. Figure 4.5 indicates the 
spark timing versus combustion phasing (CA50), and the audible knock points are indicated by 
the filled symbols in the figure. CA50 is clearly decreasing as spark timing advances, and it is 
clear that by increasing the syngas ratio, the knock limit approaches MBT (between 7 and 10 
crank angle degrees) timing. 
 
 
Figure 4.5 Relation between spark timing and average CA50. The filled symbols denote audible 
knock. 
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For fixed spark timing, more knock occurs with increased syngas energy ratio, for 
instance, the spark timing regions of -26 ~ -28 aTDC for EGR and -16 ~ -17 aTDC for air 
dilution. This trend is seen more clearly in Figure 4.3, which presents pressure trace and filtered 
knock graphs. However, for fixed CA50, knocking decreases with increased syngas addition. 
The audible knock method, however, is only able to detect general knock occurrence, so the 
more accurate knock index, KI 20, is applied to the experimental data.  
Figure 4.6 shows the knock intensity (natural log of KI 20 value) versus CA50 along with 
regression lines. The top and middle graphs show scatter plots of all knocking cycles under air 
dilution and EGR dilution, respectively. The knocking guideline is set to -5.298 (= ln (0.005)) 
based on the guideline of KI 20 (0.005 bar2), and linear regression lines are extracted from the 
scatter points for each syngas amount. The bottom graph indicates the combined regression lines 
of both diluting conditions with error bars indicating the standard deviation. For advancing 
CA50, knock intensity linearly increases and the slope is similar for all cases.  
Using the intersection of the regression lines and KI 20 knock guideline, the CA50 values 
at knock onset can be extracted (grey circles in Figure 4.5, 4.6, and 4.7). The CA50 values of 
knock onset are 13.4, 11.4, 9.6, and 8.4 at 0%, 5%, 10%, and 15% of syngas addition, 
respectively under EGR condition, and 20.7, 19.5, 18.3, and 17.2 at 0%, 5%, 10%, and 15% of 
syngas addition, respectively, under air dilution. From these CA50 numbers, it is more clear that 
syngas addition is beneficial to knock mitigation based on combustion phasing.  
In case of knock occurrence, for the comparison between EGR dilution and air dilution, 
the effect of syngas addition is represented by the CA50 of knock onset. For EGR dilution, the 
difference between syngas addition levels of 0% and 15% is 5.0 crank angle degrees, and for air 
dilution the difference is 3.5 crank angle degrees. Therefore, EGR dilution is almost 1.5 times 
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more effective than air dilution for knock mitigation with syngas based on CA50 under boosted 
conditions.  
 
Figure 4.6 Knock intensity (natural log of KI 20) and CA50 of knock cycles. (Air / EGR / 
Combined regression) 
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Figure 4.7 indicates another criterion of knock, which is knock cycle percentage. This 
criterion is obtained by counting the knock cycle numbers over 200 cycles at the same test 
condition, and the knock guideline is set to 0.005 bar2 of KI 20, as well. The knock cycle 
percentage proportionally increases with overall knock intensity. Based on the knock onset 
conditions identified from Figure 4.6, knock limited cycle percentage range is higher than nearly 




Figure 4.7 Relation between average CA50 and knocking cycle percentage 
 














  Air Syn  0 % 
  Air Syn  5 % 
  Air Syn 10% 




















   EGR Syn  0 % 
   EGR Syn  5 % 
   EGR Syn 10% 




4.5.2 Burn Duration and Knock 
Engine knock is generally affected by both in-cylinder physical factors (in-cylinder 
pressure, temperature, mixture conditions and so on) and fuel chemistry factors (properties of 
fuels).  
First, the burn duration is calculated to explore the impact of the fuel factors (syngas 
addition) in both dilution cases. Figure 4.8 presents the burn duration (CA1090) on a spark 
timing basis. By increasing the ratio of syngas supplementation, burn duration is substantially 
shortened for the same spark timing. As much as the shortened burn duration time, the delay time 
before end-gas auto ignition is improved as well. Consequently, the knocking tendency is able to 
be decreased due to the effects of adding syngas to the fuel, but from the perspective of the 
physical factors, the in-cylinder condition becomes more vulnerable to knocking because of the 
increased peak pressure and temperature, using the same spark timing. The pressure traces in 
Figure 4.3 show this trend well. The knocking tendency result can be identified through 
comparison of data along a vertical line (same spark timing) in Figure 4.8. For example, more 
knock occurs with syngas supplementation in the case of -28 bTDC spark timing with EGR. This 
result suggests that the physical factor is more dominant with fixed spark timing, and this 
tendency is the same for the air dilution condition as well as EGR dilution.  
Although the knocking tendency is increased with fixed spark timing due to dominant 
physical factors, the physical factors help the combustion phasing. Therefore, as discussed in the 
section on combustion phasing, knock on the basis of CA50 is decreased. Figure 4.9 shows the 
burn duration on the basis of combustion phasing. In comparing with the trends on the spark 
timing basis, the burn duration trend is similar between 0 to 15 percent syngas addition. This 
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means that combustion can be readily controlled regardless of the physical factors associated 
with syngas addition. 
 
 
Figure 4.8 Relation between spark timing and average burn duration (CA1090) 
 
In addition, burn duration provides another metric for comparison between the impacts of 
EGR dilution and of air dilution. As shown in Figure 4.9, the burn duration with air dilution is 
much faster than with EGR dilution. Nevertheless, the knock limit with air dilution is more 
severe than with EGR dilution. One can deduce that the severe knock with air dilution is caused 
by other physical factors such as the thermal properties of the cylinder charge, e.g. changes in the 
pressure and temperature due to changes in the ratio of specific heats. 
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Figure 4.9 Average CA50 versus average burn duration (CA1090) 
 
One more reason for the knock vulnerability with air dilution relates to the ignition delay 
difference caused by the fuel to charge equivalence ratio and oxygen mole fraction of the 
mixture. Equation 4.2 presents an ignition delay correlation for iso-octane and syngas [64,65]. 
All five coefficients are positive numbers and summarized in Table 4.3. For a simple 
comparison, considering the ∅ and x(O2) terms, the difference between lean air dilution and EGR 
dilution for this experiment can be represented by using values of ∅ = 1.00 and x(O2) = 0.8 for 
EGR dilution and 0.80 and 1.0 for lean air dilution, respectively. C3 is less than 1 and C4 is 
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greater than 1, so the ignition delay time with EGR dilution should be always longer than with 
lean air dilution. 
𝝉𝒊𝒅 [ms] =  𝐶1 × 𝑃
−𝐶2 × ∅−𝐶3 × 𝒙𝑶𝟐









Table 4.3 Coefficients of ignition delay in Equation 4.2 
 C1 C2 C3 C4 C5 
  Iso-octane   [64]   1.3 x 10-4 1.05 0.77 1.41 33700/R 
  Syngas         [65]  3.7 x 10-6 0.5 0.4 5.4 12500/R 
 
From the perspective of burn duration and ignition delay, EGR dilution shows more 
benefits than air dilution with regard to knock limited combustion.  
 
4.5.3 Thermal Efficiency and Combustion Stability 
Regardless of the knock limit, the overall thermal efficiency is higher with air dilution 
due to the higher ratio of specific heats than with EGR dilution. This trend is seen in Figure 4.10 
over the 14 crank angle degrees of the CA50 overlap range. Ivanič et al. [66] also showed the 
same trend under low load condition at 3.5 bar of IMEPn (net Indicated Mean Effective 
Pressure). However, under knock limited boosted conditions, the thermal efficiency is higher 
with EGR dilution due to the extended knock limit. The range of IMEPg (gross Indicated Mean 
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Effective Pressure) in this study is 10.0 bar ± 0.1 bar with the same energy input and different 
combustion phasing. As shown in the upper graph of Figure 4.11, the overall gross indicated 
thermal efficiency difference between EGR dilution and air dilution is 1.0 % on average at each 
level of syngas addition.  
The thermal efficiency benefit of varied syngas addition is higher than the dilution 
benefit in the 0 to 15% syngas addition range. As shown in the upper graph of Figure 4.11, the 
gross indicated thermal efficiency consistently increases with increasing syngas amount, and the 
difference is 1.84% and 1.90% under EGR dilution and air dilution conditions, respectively. In 
addition, the thermal efficiency benefit compared to the baseline of stoichiometric condition is 
1.92% and 1.09% (gasoline only), and 2.97% and 1.78% (10% syngas) under EGR dilution and 
air dilution conditions, respectively. 
The effect of syngas addition on combustion stability is noticeably higher in both dilution 
cases. The lower graph of Figure 4.11 shows the coefficient of variance of IMEPg for EGR and 
air dilution. Without syngas addition, the combustion instability with EGR dilution is much 
higher than with air dilution, but with increasing syngas addition, the stability is improved for 
EGR dilution. For 15% syngas addition, the CoV of IMEPg with EGR dilution follows the same 
trend as CoV of IMEPg with air dilution. Thus, the benefits of syngas addition on combustion 







Figure 4.10 Combustion phasing (CA50) basis Gross Indicated Thermal Efficiency. (Emphasized 
symbols are MBT or knock limited thermal efficiency, same as upper figure of figure 4.11) 
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Figure 4.11 Gross Indicated Thermal Efficiency (ITEg) of knock limited points (upper) and 
Coefficient of Variance (CoV) of IMEPg (lower) 
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4.5.4 Emissions 
The overall emissions including total hydrocarbons are not much different regardless of 
the syngas amount or the type of dilution, except for emissions of nitrogen oxides and carbon 
monoxide. Figures 4.12 and 4.13 show the NOx and CO emissions, respectively for the EGR 
dilution and air dilution cases. The emissions are measured 5 times at each condition at 5 second 
intervals, and the error bars indicate the standard deviation. The NOx reduction was significant 
with EGR dilution. With increasing the syngas amount, the nitric oxides increase slightly under 
air dilution. The NOx emission is well known to vary with the peak cylinder temperature linearly, 
so this trend also agrees with the discussion regarding lengthened ignition delay with reduced 
peak temperature under EGR condition.  
On the other hand, carbon monoxide emissions showed the opposite trends. The CO 
emissions for EGR dilution are higher than for air dilution, which agrees with the typical trend of 
carbon monoxide emissions with lambda (the lambda value of EGR is 1.00 and air dilution is 
1.25). Relatively higher error bar for carbon monoxide with EGR dilution is caused by the 
emission bench system variation due to measurement of high levels of CO. Nonetheless, the CO 






Figure 4.12 CA50 basis NOx emissions. (EGR: full line, Air: dashed line) 
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Figure 4.13 CA50 basis CO emissions. (EGR: full line, Air: dashed line) 
 
4.6 Conclusions and Summary 
Experiments with syngas supplementation under EGR dilution and air dilution 
demonstrated that syngas addition efficiently mitigates engine knock under both boosted and 
diluted conditions. In addition, supplementing syngas is more beneficial under EGR dilution than 
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under air dilution, from the perspective of not only knock mitigation but also thermal efficiency 
and emissions of nitrogen oxides.  
Based on the experimental results and analyses, the following conclusions are drawn: 
• The two most commonly used knock indices (peak basis ‘KI peak to peak’ and energy basis ‘KI 
20’) show strong correlation with each other, and KI 20 is proportional to the square of KI 
peak to peak regardless of dilution type (EGR or air). 
• KI 20 is selected as the best metric for investigating knock due to its statistical significance 
and lower noise vulnerability. Moreover, the knock guideline was chosen to be 0.005 bar2 of 
KI 20. 
• The frequency of knock was constant whether adding syngas or diluting with EGR or air. It 
is inferred that the frequency is not directly related to air-fuel mixture conditions but is 
influenced by other factors such as cylinder and engine block geometry. 
• For a given spark timing, engine knock is increased with increasing syngas amount in both 
EGR dilution and air dilution cases.  
• When combustion phasing is fixed, engine knock is decreased with increased amount of 
syngas supplementation in both EGR dilution and air dilution cases. And, the knock 
mitigation effect of syngas is stronger under EGR dilution than air dilution, based on 
combustion phasing. 
• In both dilution cases, burn durations on a combustion phasing basis for varied syngas 
amounts are not noticeably different, and estimated end-gas ignition delay difference is 
higher under EGR dilution. One can infer that the end-gas ignition delay is more the 
dominant factor for knock mitigation than burn duration. 
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• EGR dilution is more beneficial than air dilution with regard to improving thermal 
efficiency, due to more optimal combustion phasing with extended knock limit.  
• The impact of syngas addition on combustion stability is more pronounced for EGR dilution 
than for air dilution under boosted conditions. 
• The differences in engine out emissions between EGR dilution and air dilution are not 
significant except for carbon monoxide and NOx. 
• NOx emissions are significantly reduced with EGR dilution, but the carbon monoxide 





          Chapter 5  
 
 
Dual Fuel Injection (DI + PFI) for Knock and EGR Dilution Limit 
Extension in a Boosted SI Engine 
This chapter was published as Han, T., Lavoie, G., Wooldridge, M., and Boehman, A., "Dual 
Fuel Injection (DI + PFI) for Knock and EGR Dilution Limit Extension in a Boosted SI Engine", 
SAE Technical Paper 2018-01-1735, 2018. [67] (doi: https://doi.org/10.4271/2018-01-1735) 
 
5.1 Preface 
This chapter is about the second and third strategic parameter about the EGR (Exhaust 
Gas Recirculation) and dual injection strategy. Gasoline and ethanol fuels are used to figure out 
the effect of dual fuel injection strategy and EGR dilution on engine combustion and emissions. 
The abstract for this chapter is attached below.  
Combined direct and port fuel injection (i.e., dual injection) in spark ignition engines is 
of increasing interest due to the advantages for fuel flexibility and the individual merits of each 
system for improving engine performance and reducing engine-out emissions. Greater 
understanding of the impact of dual injection will enable deriving the maximum benefit from the 
two injection systems. This study investigates the effects of dual injection on combustion, 
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especially knock propensity and tolerance to exhaust gas recirculation (EGR) dilution at different 
levels of EGR. A baseline for comparison with dual injection results was made using direct 
injection fueling only. A splash blended E20 fuel was used for the direct injection only tests. For 
the dual injection tests, gasoline, representing 80% by volume of the total fuel, was injected 
using the direct injector, and ethanol, representing 20% by volume of the total fuel, was injected 
using the port fuel injector. EGR mass fraction was varied from 0% to 21%, under boosted intake 
air pressure of 1.25 bar for both injection strategies. The results showed dual injection was 
beneficial to shorten the burn duration and improve combustion stability. Dual injection was 
more sensitive to knock than direct injection primarily due to increased unburned gas 
temperature. The overall thermal efficiency for the two injection types was comparable. The 
particulate matter emissions from dual injection showed slightly lower values, and the gaseous 
emissions showed lower total hydrocarbons and similar nitrogen oxides compared with only 
using direct injection of E20.  
 
5.2 Introduction 
Engine efficiency and emissions targets are ever increasing in pursuit of rigorous fuel 
economy standards, emission regulations, and customer demand for higher mileage vehicles. 
Previous work has shown one of the most promising strategies to improve thermal efficiency and 
reduce engine-out emissions of SI engines is using a downsized boosted engine with fuel/air 
mixture dilution [5,42]. By increasing boost level, thermal efficiency increases due to the rise in 
volumetric efficiency and reduction of pumping loss. Also, with increasing dilution ratio, 
efficiency is improved due to the lower peak cylinder temperature and increased specific heat 
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ratio (γ) of the working fluid. However, with increasing boost and dilution levels, engine knock 
and combustion instability are severely increased due to in-cylinder mixture conditions [7].  
There are several ways to mitigate spark ignition (SI) engine knocking. One of the 
general methods is to use high octane oxygenated fuels such as ethanol and using direct 
injection. Such fuels can have longer ignition delay and higher heat of vaporization than 
gasoline, so in-cylinder temperatures can be significantly reduced with alcohol fuels. Also, direct 
injection can maximize the benefits of the oxygenated fuels by enhanced charge cooling and 
volumetric efficiency, especially with a stratified injection strategy. Globally stoichiometric 
stratified direct injection, however, has several drawbacks such as complicated load dependent 
injection control, higher particulate matter emissions caused by locally fuel rich zones, and lower 
combustion efficiency and stability [68,69]. In addition, the combustion stability is usually worse 
with exhaust gas recirculation (EGR) [70].  
Dual injection, which separates the fuels into two injection systems; port fuel injection 
(PFI) for homogeneous charge formation and direct injection (DI) for stratified charge formation, 
has been proposed to counteract the problems of knock and combustion instability associated 
with stratified direct injection. More specifically, this study focuses on dual fuel injection which 
uses gasoline in the stratified direct injection event and high-octane oxygenated fuels in the 
homogeneous port fuel injection event. This injection strategy has been developed to make the 
end-gas less likely to auto-ignite.  
To date, several experimental studies have been conducted with DI and PFI dual injection 
in SI engines. Zhu et al. [71,72] conducted studies of dual injection using gasoline and E85 in a 
single cylinder engine. They compared combustion characteristics for three injection modes: 
gasoline for both PFI and DI; gasoline PFI and E85 DI; and E85 PFI and gasoline DI with 
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varying fueling ratios for the two injectors under light load and wide-open throttle conditions. 
The results showed only a minor increase in efficiency for the gasoline PFI and ethanol DI case 
under the light load condition, and combustion stability was higher when gasoline was used in DI 
than when ethanol was. Daniel et al. and Wu et al. [73–76] expanded the oxygenated fuels to 
consider methanol and 2,5-dimethylfuran using a dual injection system and reported an 
improvement in thermal efficiency and emissions under different fuel blending ratios under 
throttled, low- and medium-load conditions with gasoline in PFI and oxygenated fuels in DI. 
Zhuang et al. [77–80] conducted dual injection studies under three medium load conditions using 
gasoline in PFI and ethanol in DI with varied direct injection timing and ethanol ratio, and they 
observed that late direct injection timing reduces thermal efficiency and knock limit, possibly 
due to lower mixing rate caused by stratified late injection. Cho et al. and Kim et al. [81,82] 
investigated a PFI injection strategy with ethanol in a gasoline direct injection engine, and 
showed improved thermal efficiency with ethanol PFI regardless of compression ratio. Liu et al. 
and Wang et al. [83–85] also compared gasoline DI with alcohol PFI, as well as, alcohol DI with 
gasoline PFI. The results showed better anti knock in the alcohol DI case. Catapano et al. [86,87] 
studied gasoline PFI and ethanol DI experiments under higher engine speed, and concluded that 
the effect of ethanol on particulate matter reduction is improved under higher speed condition.  
The previous studies are limited to a small range of load conditions, and there are few 
results relating to the effects of dual injection strategies on knocking phenomena. Also, 
combustion stability at EGR dilute conditions has not been studied in depth for dual injection. 
Consequently, the objective of this study is to experimentally verify the effects of dual injection 
on combustion performance including knock propensity, thermal efficiency, and EGR dilution 
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tolerance at boosted EGR dilute conditions. The impact of dual injection on particulate matter 
and gaseous emissions is also explored.  
 
5.3 Experimental Setup 
5.3.1 Engine and Fuel Specifications 
The experimental study was conducted using a boosted Ricardo Hydra single cylinder 
research engine. The pent-roof cylinder head has a centrally mounted direct injector (Bosch 
HDEV4), side mounted spark, and four valves. Two fuel injection systems were used in the 
experiments. The direct injector is a piezoelectric injector and produces a hollow cone spray, and 
the other is a conventional port fuel injector. Each fuel system has a fuel flow meter to calculate 
the air-fuel equivalence ratio in conjunction with an air mass flow meter (Fox Instruments FT2). 
The air-fuel equivalence ratio was confirmed by the measured values from an emissions bench 
(Horiba MEXA-7100DEGR) and a lambda meter (ETAS LA4) with a lambda sensor (Bosch 
LSU 4.9) in the exhaust runner. 
Figure 5.1 shows a schematic of the boosted Hydra single cylinder research engine and 
supporting facilities. Intake air is compressed and filtered, and the pressure is regulated using a 
pneumatic valve after air filters to maintain the target intake pressure at the intake plenum. The 
engine intake air system includes a by-pass heater and cooler located upstream of the intake 
plenum to maintain constant intake air temperature. The engine includes a cooled EGR loop, and 
the EGR ratio is controlled by back pressure and an EGR valve. Engine oil and coolant are 
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conditioned by external systems to maintain constant temperatures, and an oil filter is located in 
the conditioning system. 
The compression ratio of the engine is 10.5:1 with 0.5-liter displacement volume. The 
valve timing is fixed for all experimental conditions, and the valve opening duration is 226 crank 
angle degrees for both the intake and exhaust valves, based on 0.5mm valve lift with 6 crank 
angle degrees of valve overlap. Additional specifications are provided in Table 5.1.  
The engine operating parameters were controlled with National Instruments (NI) 
Labview based in-house FPGA (Field-Programmable Gate Array) and real-time programs. The 
hardware was accompanied by eight digital and analog input and output modules in a compact 
real-time controller (cRIO). The in-house developed engine operating program allows for control 
over the spark timing, fuel injection timing, and fuel injection duration for both the direct 
injector and port fuel injector. The low-speed data including temperature, pressure, air and fuel 
flows, etc., are measured using NI modules and SCXI (Signal Conditioning Extension for 
Instrumentation) systems. The high-speed data are measured using an AVL Indiset module and 
calculated using IndiCom software. 
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Figure 5.1 Schematic of the boosted Hydra single cylinder research engine for Chapter 5 
 
Table 5.1 Boosted Hydra single cylinder research engine specifications for Chapter 5 
 Displaced volume       0.5 liter 
 Bore / Stroke              86 mm / 86 mm  
 Compression Ratio   10.5 : 1  
 Intake Valve Timing   IVO: 362 bTDCign  /  IVC: 136 bTDCign 
 Exhaust Valve Timing   EVO: 138 aTDCign  /  EVC: 364 aTDCign 
 Head Design   Pent-roof / 4 valve / side mounted spark 
 Direct Injector 
   HDEV4 piezoelectric spray-guided injector, 
   Hollow-cone spray (85º ± 5º spray angle), 
   Penetration length (< 30 mm). 
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The cylinder pressure is measured using a cylinder pressure transducer (Kistler 6125A 
piezoelectric transducer) which is 4mm in diameter and is located on the side of the cylinder 
head. The pressure signal is amplified (AVL IFEM) and recorded (AVL Indiset module) using a 
crank angle encoder signal (AVL 365C01). Knocking calculations are based on the pressure data 
from each cycle and knock detection during the test was via audible knock using a microphone 
and speaker in the control room.  
Particulate matter emissions including particle number concentration and size distribution 
were measured using a fast particulate analyzer [Cambustion DMS500 (Differential Mobility 
Spectrometer) mk2]. The measurement range for particle size is from 5 nm to 1000 nm (1 µm) 
with two-stage dilution. For all engine conditions, the samples are diluted with 150 °C of heated 
dry air in the first stage with 6:1 dilution ratio to prevent condensation of hydrocarbons, water, 
and significant particle agglomeration. The samples are diluted with dry air at the second dilution 
stage of 1:1 ratio. The first stage inlet flow is regulated to 8 liter per minute with a 0.90 mm size 
orifice to prevent over-flow caused by higher back pressure conditions (1.40 bar – 1.00 mm 
orifice is used for ambient pressure). Exhaust samples are collected from the exhaust side runner 
with a 0.25-inch (6.35 mm) diameter stainless steel tubing with insulation. All data were 
collected at a sampling rate of 10 Hz for 45 seconds and subsequently averaged, and the standard 
deviation calculated. 
A Horiba MEXA-7100DEGR was used to measure the gaseous emissions. The bench 
measures CO2, CO, total hydrocarbon (THC), O2, and NOx emissions and calculates lambda and 
EGR ratio. Exhaust gases were sampled from the center of the exhaust plenum through a 
perforated tube and transferred to the emission analyzers using a heated filter and sample line. 
95 
The gasoline used in the study was oxygenate-free research grade gasoline provided by 
Gage Products Company. The research octane number was 90.9 and motor octane number was 
83.4 (sensitivity of 7.5). The ethanol was 200-proof anhydrous (Purity > 99.5%, H2O < 0.005%) 
ethyl alcohol provided by Deacon Labs, Inc. Gasoline and ethanol were used separately for the 
dual injection experiments, and splash blended E20 (20% ethanol and 80% gasoline, volume 
basis) was used for the direct injection only experiments. The fuel properties are summarized in 
Table 5.2. 
 
Table 5.2 Fuel (Gasoline, Ethanol, E20) specifications 
 Gasoline a Ethanol b E20 c 
Research Octane Number          90.9 109 97.4 
Motor Octane Number 83.4 90 85.8 
Octane Sensitivity 7.5 19 11.6 
Hydrogen / Carbon Mole Ratio 1.920 3.0 2.061 
Oxygen / Carbon Mole Ratio 0.000 0.5 0.069 
Lower Heating Value [MJ/kg] 43.6 26.9* 40.7 
a Analysis Result of Gage Products Company, Ferndale, MI, USA (2017) 
b Hunwartzen, I. [88] ( * Heywood, J. [7] ) 
    c Calculated values based on Anderson et al. [29] 
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5.3.2 Dual Injection Concept and Injection Timing 
In order to investigate the effects of the different types of injection strategy (direct only 
or dual injection) on engine performance, the fuel composition was kept globally consistent, and 
the composition was a splash blended E20 fuel blend (volume basis). The dual injection method 
followed the concept illustrated on the left side of Figure 5.2. Gasoline, representing 80% by 
volume of the total fuel, was injected using a centrally mounted direct injector, and ethanol, 
representing 20% by volume of the total fuel, was injected using a port fuel injector installed 
upstream of the intake valve. The splash blended E20 fuel was used in the direct injection only 
condition, which is described on the right side of Figure 5.2. More fuel was required for the 
direct injector in the DI only condition due to without PFI, and the amount of fuel was controlled 
by the injection duration. The effect of longer injection duration for the DI only condition is 
illustrated by the longer spray plume in Figure 5.2, where the plume length indicates the amount 
of injection mass, not the spray penetration length. 
A split injection strategy was adopted for the direct injector to increase the stable 
stratified combustion for both the DI-only and the dual injection experiments. The initial fueling 
strategy was split injection with 50% of the fuel mass injected at 280° bTDC, and 50% injected 
at 120° bTDC. However, that fuel injection strategy led to incomplete combustion with >1% (by 
volume) carbon monoxide and oxygen emissions. Consequently, tests varying the timing of the 
second injection event from 220 to 45° before top dead center (bTDC) were conducted while 
fixing the first injection event at 280° bTDC. The results showed an optimum for combustion 
efficiency at 200° bTDC, so the second injection timing was then set to 200° bTDC for both the 
DI-only and the dual-injection experiments. Figure 5.3 illustrates the valve timing superimposed 
with the split injection timing used for the direct injection.  
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Figure 5.2 Fuel injection concepts for the dual (left) and direct injection (right) conditions 
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5.3.3 Engine Experimental Condition 
To explore the effects of the injection type and fuel separation on dilution tolerance, four 
levels of EGR mass fraction were considered: 0%, 7%, 14%, and 21% for both dual and direct 
injection only experiments. In all tests, the global air to fuel equivalence ratio was maintained at 
1.00, and the amount of fuel injected was controlled by monitoring the values of the lambda 
meter and the emissions bench. The lambda meter has a faster time response than the emissions 
bench, so all data recording was conducted after stabilizing and matching the two values. The 
EGR mass fraction was controlled based on the emissions data, where the EGR mass fraction 
was calculated using the Equation 5.1.  
 
𝑬𝑮𝑹𝒓𝒂𝒕𝒊𝒐 [%] =   
𝐶𝑂2 (𝑖𝑛𝑡𝑎𝑘𝑒) − 𝐶𝑂2 (𝑎𝑚𝑏𝑖𝑒𝑛𝑡)
𝐶𝑂2 (𝑒𝑥ℎ𝑎𝑢𝑠𝑡) − 𝐶𝑂2 (𝑎𝑚𝑏𝑖𝑒𝑛𝑡)




Spark dwell time was held constant at 2.22 ms which is equivalent to a 20-crank angle 
degree duration at an engine speed of 1500 rpm with constant ignition energy. Port fuel injector 
rail pressure was maintained at 5.2 bar with an external fuel pressure pump and pressure 
regulator, and direct injector rail pressure was held at 200 bar with an external high-pressure 
nitrogen cylinder and an accumulator. The intake pressure was set to 1.25 bar boosted condition, 
and the exhaust pressure was 1.40 bar to enable the smooth external EGR flow with a back-
pressure control valve. Both pressures were kept constant to avoid different internal EGR ratio. 
The operating conditions are summarized in Table 5.3.  
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Table 5.3 Boosted Hydra single cylinder research engine operating conditions for Chapter 5 
 Engine Speed   1500 rpm 
 DI Split Injection Timing   280 bTDC (50%) + 200 bTDC (50%) 
 DI Rail Pressure   200 bar 
 PFI Rail Pressure   5.2 bar 
 Air/Fuel Equivalence Ratio (λ)   1.00 (Stoichiometric) 
 Spark Dwell Time   2.22 ms (20 CAD @1500 rpm) 
 Intake / Exhaust Pressure   1.25 bar / 1.40 bar 
 Intake Air Temperature   25.0 ºC ± 0.75 ºC  
 Coolant Temperature   85 ºC  
 Oil Temperature   85 ºC 
   
Knocking and combustion stability results are sensitive to the surrounding environment, 
so each set of experiments was repeated three times on different days. Knock was measured two 
ways: the first using audible knock during the experiments; and the second using knock intensity 
calculations based on the in-cylinder pressure data.  
Two calculation methods were used for the knock quantification: an energy basis method 
‘KI 20’ and the peak basis method ‘KI peak to peak’. The two knock intensity methods showed 
similar trends, and the KI 20 values were prioritized in case the threshold values were different. 
Equations 5.2 and 5.3 are used to compute KI 20 and KI peak to peak. The detailed calculation 
including FFT filtering guideline is described in a previous study by Han et al. [15]. The knock 
threshold value of KI 20 was set at 0.005 bar2 and is equivalent to 0.42 bar of KI peak to peak. 
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𝐊𝐈 𝟐𝟎 =  
1
𝑁𝑠𝑎𝑚𝑝







In Equation 5.2, Pmean is the average pressure data and Nsamp is the number of pressure 
samples within the 20-degree crank angle range following the offset of the first pressure pulse. 
The pressure data are measured per 0.1 crank angle degree. So, there are 200 data points for 
every 20 crank angle degrees, and Nsamp is 200 in this experiment. 
𝐊𝐈 𝐩𝐞𝐚𝐤 𝐭𝐨 𝐩𝐞𝐚𝐤 =  | ( 𝒎𝒂𝒙 { 𝒑(𝒊) }  ) − ( 𝒎𝒊𝒏 { 𝒑(𝒊) } ) | 
 
(5.3) 
In Equation 5.3, p(i) indicates the filtered pressure and ‘i ’ is the crank angle degree. The 
range of ‘i ’ is set from -20 TDCign to +70 TDCign, to avoid noise from other sources such as 
intake and exhaust valve closing signals. Signal oscillation caused by the valve closing is 
occasionally higher than the knocking oscillation in lower knocking cycle cases. 
 
5.4 Engine Combustion and Knock 
5.4.1 Combustion Phasing and Knock 
A range of spark timings was explored to determine the knock limited combustion 
phasing and maximum brake torque conditions. Figure 5.4 shows the effects of spark timing and 
EGR dilution level on combustion phasing (CA50), and the red symbols indicate the knock 
limited conditions. The solid lines with filled symbols are the dual injection (PFI + DI) 
conditions and the dashed lines with open symbols are the direct injection only conditions. The 
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error bar is the standard deviation for 200 cycles, and all graphs in this paper follow the same 
formatting guidelines. All eight cases showed knock limited combustion phasing at the intake air 
pressure of 1.25 bar boost, but the onset of knock for the 21% EGR was after the maximum 
brake torque (MBT) for both dual and direct injection only strategies. The combustion phasing 
for dual injection generally showed slightly advanced phasing before the knock limits, but all 
conditions were within the error bars. So, the combustion phasing difference between dual and 
direct injection was small and for fixed spark timing. 
 
 
Figure 5.4 Effects of spark timing and EGR dilution levels on combustion phasing (CA50). 
(Error bars are standard deviation of 200 cycles). The red open and filled symbols denote 
knocking conditions. 
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Figure 5.5 illustrates the calculated knock intensity (KI 20) from the in-cylinder pressure 
data based on the average combustion phasing (CA50). KI 20 values are dramatically increased 
after the onset of knock, so the vertical axis is presented as the natural log of KI 20. As described 
previously, the knock threshold of KI 20 was set to 0.005 bar2 (natural log of KI 20 is -5.298), 
which is equivalent to 0.42 bar KI peak to peak, and it is indicated by the red horizontal line in 
Figure 5.5. With increasing EGR mass fraction, knock intensity is decreased regardless of the 
combustion phasing. While the knock intensity differences among EGR dilution steps below the 
knock threshold look large, the actual difference on a natural log scale under this threshold is 
quite small, so the difference are considered negligible.  
 
Figure 5.5 Effects of combustion phasing (CA50) and EGR dilution levels on knock intensity 
(natural log of KI20). The red open and filled symbols denote knocking conditions. 
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The knock limited combustion phasing difference between dual and direct injection is 
less than 1 crank angle degree in all EGR dilution cases. Although the difference in phasing at 
the knock limit is marginal, the intensity above the knock threshold shows clear differences. The 
slope of the intensity is almost the same, and the dual injection lines are consistently shifted to 
later phasing. Because the slope of the knock intensity is steep, the knock intensity difference at 
the same phasing is fairly large for all EGR dilution conditions, especially considering the 
natural log scale. Figure 5.6 shows an example of the intensity difference at the same combustion 
phasing. The top graph presents the cylinder pressure traces for the dual and direct injection 
conditions using 7% EGR. The combustion phasing for both injection strategies are the same 
(14.8 aTDC), and the plotted traces are selected from the recorded 200 cycles under the same 
condition with guidelines. Selection guidelines are the closest traces to each average value of 
cylinder pressure and KI 20 value with the same phasing. There are no significant differences 
between the in-cylinder pressure data from the two injections, but the direct injection data shows 
marginally higher pressure after actual combustion and longer burn duration. This trend was 
observed for all EGR dilution levels. The bottom panel in Figure 5.6 shows filtered cylinder 
pressures data for the two injection strategies. A Fast Fourier Transform with 3.5 kHz high pass 
filter was used for this filtering. The dual injection results show earlier knock onset and higher 
intensity than direct injection at the same combustion phasing. Both filtered traces show pre-
oscillation between TDC and the crank angle timing of peak knock intensity, and this could be 
caused by the location of the spark plug and the cylinder geometry. So, the onset of knock was 
defined as the peak of absolute oscillation. In addition, the KI peak to peak values are shown in the 




Figure 5.6 Cylinder pressure and filtered pressure trace comparisons between two injections 
under same combustion phasing (CA50 = 14.8 aTDC, 7% EGR case) 
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The initial hypothesis was that dual injection would extend the knock limit compared 
with direct injection only, but the results show the dual injection was slightly more likely to 
knock, based on combustion phasing. There are several possible reasons which are discussed in 
the following two sections. 
 
5.4.2 Burn Duration and Knock 
Engine knock is generally affected by two major combustion factors: one is burn 
duration; and the other is ignition delay time of the mixture in the end-gas region. Figure 5.7 
shows the difference in burn duration (CA1090) as a function of combustion phasing for dual 
and direct injection and the four levels of EGR dilution. With increasing EGR mass fraction, 
overall burn duration lengthened, and as combustion phasing was advanced, the burn duration 
was shortened in all cases. The reduction of burn duration is proportional to the level of EGR 
dilution. The burn duration for 21% EGR dilution was nearly 1.5 times longer than with no EGR 
dilution. The changes in the value of burn duration are consistent with the flame speed 
simulation study of Middleton et al. [89] who found the flame speed decreased by a factor of two 
with 20% EGR dilution. Comparison of the injection strategies shows the burn duration for dual 
injection is faster than with direct injection. As the schematic diagrams of Figure 5.2 illustrate, 
the biggest difference with injection strategies is the local fuel distribution. In other words, the 
distribution of the ethanol and gasoline in cylinder is different but globally has the same 
composition. Hence, the most likely reason for the faster burn duration with dual injection is the 
creation of locally ethanol rich regions which burn faster, i.e., with higher flame speeds. More 
details will be discussed in the EGR dilution tolerance section. 
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From the viewpoint of the combustion factors that tend to induce knock, dual injection 
with its faster flame speed should have improved the knock limit by leaving less time for end-gas 
auto-ignition. But the knocking result is opposite. Thus, we can suspect that the environment of 
the end-gas region is more likely to auto-ignite due to higher temperature or pressure. As the 
pressure trace in Figure 5.6 shows, the difference in overall cylinder pressure is minimal, so the 
local pressure in the end-gas region should be similar for both injection conditions. But the 
temperature of the end-gas region could be quite different. To verify the difference of unburned 
charge temperature with the two injection strategies, volumetric air flow and load (gross IMEP) 
are discussed in the next section. 
 
 
Figure 5.7 Effects of fuel injection strategy and EGR levels on averaged burn duration (CA1090) 
as a function of combustion phasing (CA50). The red open and filled symbols denote knocking 
conditions. 
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5.4.3 Volumetric Efficiency, IMEPg, and Knock 
To investigate the volumetric efficiency difference between the two injection strategies, 
the measured fresh air flow rate is presented in Figure 8. All measured values in slpm (standard 
liter per minute) are normalized by the maximum flow rate (394 slpm) from the no EGR 
condition. Increasing EGR mass fraction leads to lower volumetric air flow rates, and the amount 
is fairly consistent with the EGR ratio. Also, notable in Figure 8 is the difference in air flow rates 
between dual and direct injection. The percentage values in the figure denote the relative loss in 
volumetric air flow rate of the dual strategy compared to the DI fueling strategy. All conditions 
show more than two percent of volumetric air flow rate decrease, and the difference is lower 
with higher EGR dilution.  
The reasons for the air flow rate difference, despite the controlled intake temperature and 
pressure, are attributed to differences in charge cooling caused by direct injection and fresh air 
displacement of evaporated fuel using the port fuel injector. The charge cooling effect is 
maximized when fuel with a higher latent heat of vaporization (i.e., ethanol) is injected through 
the direct injector, so dual injection should have lower volumetric efficiency in consideration of 
the reduced amount of fuel injected and having pure gasoline in the direct injector.  
Returning to the discussion of the unburned gas temperature in the end-gas region, the 
temperature can be compared using an ideal gas calculation with a given relative pressure and 
volume. Assuming the fuel is all in the vapor phase, the air to fuel equivalence ratio is 1.00, the 
mixture composition is globally homogeneous, and using the isentropic ideal gas law equation 
(Equation 5.4), the temperature can be calculated. Dual injection has 5% less fuel/air mixture 
based on the results presented in Figure 8, but the fuel/air compositions are the same (i.e. 
stoichiometric), so the end-gas temperature is estimated to be around 15 ºC higher than for direct 
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injection. While the difference in temperature is estimated to be small, the effects on knock 
limits are amplified due to the dependence on the ignition delay time which is considered with 















Figure 5.8 Effects of fuel injection strategy and EGR levels on normalized volumetric air flow 
rate as a function of combustion phasing (CA50). The red open and filled symbols denote 
knocking conditions. 
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Figure 5.9 Effects of fuel injection strategy and EGR levels on gross indicated mean effective 
pressure (IMEPg) as a function of combustion phasing (CA50). The red open and filled symbols 
denote knocking conditions. 
 
Figure 5.9 shows the gross indicated mean effective pressure for the two injection 
strategies and the different EGR mass fractions. Recall that the exhaust side lambda and 
volumetric ratio of fuel flow were fixed for all experiments. The results show the IMEPg was 
systematically lower with dual injection compared with the direct injection. The decrease in 
IMEPg was very close to the difference in air flow rate. For instance, the knock limited IMEPg 
for dual injection was 5% lower than for direct injection at the no-dilution, which is close to the 
air flowrate reduction. 
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Using the dual injection and direct injection only combustion data, the knock intensity 
difference between the two fuel injection strategies in Figures 5.5 and 5.6 can be inferred from a 
knock intensity correlation equation. McKenzie et al. [90,91] formulated Equation 5.5 based on 
engine physical properties, an ignition delay time equation, and empirical data. The knock 






] =   𝐶1 ×  𝑒𝑥𝑝( − 
𝐶2 × 𝝉𝒊𝒅(𝑡
∗)
(1 − 𝐸𝐺𝑅)  ×  𝑰𝑴𝑬𝑷𝒈𝐶3
  ) 
 
(5.5) 
In the Equation 5.5, C1 and C2 are constants with values greater than 1, and C3 is 
expected to very small number such as 0.12 in the original work by McKenzie et al. [90,91]. 
Considering the ignition delay equations are typically exponential with temperature and 
proportional to the power of pressure [64,65], it can be inferred that the ignition delay term is the 
most critical element in the equation. From the perspective of the ignition delay equation, the 
cylinder pressures are very similar because all tests used the same intake pressure. Thus, the only 
difference should be the temperature of the unburned charge. Based on the estimates of the end-
gas temperature, the correlation for the knock intensity for the dual injection strategy should be 
higher than for the direct injection only strategy. 
 
5.4.4 Thermal Efficiency and Efficiency Benefit Analysis 
Figure 5.10 compares the gross indicated thermal efficiency for the two injection 
strategies at four identical EGR conditions. The bottom panel shows the thermal efficiency 
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difference between dual injection and direct injection only with no EGR. The dual injection 
knock limit occurred at 21.5 CAD combustion phasing (CA50), and the average efficiency 
difference between the two injection strategies was 0.2% which is within the standard deviation 
of the data, so the thermal efficiency was considered unchanged by the injection strategy. The 
upper three panels show identical trends, so the knock limited (KL) or maximum brake torque 
(MBT) thermal efficiency are considered the same for both injection strategies. Although the 
knock limit for dual injection is earlier than for direct injection only, the total mass of fuel and 
air is less than for direct injection only. The gross IMEP of dual injection was improved due to 
the faster flame speed, and the unchanged efficiency could be the result of the complementary 
effects of the lower fuel mass and slightly higher IMEP. 
The effects of EGR dilution on indicated thermal efficiency are also presented in Figure 
5.10. The data show EGR dilution leads to knock limit extension due to the changes in the 
mixture composition, which dilutes the working fluid and changes the specific heat ratio. To 
separate the two benefits, the dashed blue line is drawn at a CA50 of 21.5 crank angle degree in 
Figure 5.10. This CA50 value is from the knock limit of the dual injection strategy for 0% EGR. 
The yellow circles at crossing points indicate the efficiency at the same phasing, and the red 
symbol indicates the knock limited point at each dilution condition. These values are presented 
in Figure 5.11 which is a summary graph of the thermal efficiency benefit analysis. The figure 
describes the knock limited conditions and the efficiency at the same phasing from Figure 5.10. 
In addition, the purple star symbol shows the pure gasoline knock limited condition using direct 
injection only with no EGR. The experimental conditions were exactly the same as the E20 
condition (black dashed line). So, the efficiency difference between E0 (purple star) and E20 
(black square) is solely the knock limit extension benefit from gasoline to E20.  
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Figure 5.10 Effects of fuel injection strategy and EGR levels on Gross Indicated Thermal 
Efficiency (ITEg). The dashed blue line is the CA50 at the knock limit for the case of no-EGR 
dual injection 
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The yellow line which is from the constant phasing efficiency shows the mixture 
composition benefit from only EGR dilution, and the difference between the blue and yellow 
lines indicates the knock limit extension benefit of EGR dilution. As the different slopes of the 




Figure 5.11 Thermal efficiency benefit analysis of EGR dilution and knock limit extension 
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5.5 EGR Dilution Tolerance 
5.5.1 Combustion Stability (CoV of IMEPg) 
Another potential benefit of dual injection, aside from knock limit extension, is to 
improve combustion stability at EGR diluted conditions by formation of a homogeneous ethanol-
air mixture near the spark plug. In order to directly compare the combustion stability between the 
two injection strategies, coefficient of variance (CoV) values of the IMEPg are illustrated with a 
contour plot in Figure 5.12 as a function of combustion phasing and EGR mass fraction. A 
threshold CoV of 3% is shown in the figure as the thicker line. In the color scale, red indicates an 
unstable region and blue indicates a stable region. The CoV results for dual injection show a 
larger region of stability compared with direct injection only. The effects of the two injection 
strategies is clear at lower levels of EGR dilution. The slope of the 3% stability threshold is less 
steep for the dual injection strategy, but the values of the combustion phasing at the 3% CoV 
threshold for 21% EGR dilution are similar for the different injection strategies. Therefore, the 
results show dual injection yields a larger stability benefit at lower dilution conditions. 
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Figure 5.12 CoV of gross IMEP contour plot based on combustion phasing (CA50) and EGR 
mass fraction; (a) Dual injection and (b) Direct injection. 



















































































5.5.2 Combustion Phasing Analysis 
In order to investigate the amount of combustion stability improvement, combustion 
duration data are shown in this section. Szybist et al. [92] determined that the flame speed is one 
of the most significant factors affecting EGR dilution tolerance. The initial flame kernel 
correlated with the time of ignition (CA00) to CA05 duration (CA0005) as a highly turbulent 
flame develops from the spherical flame kernel established by the spark discharge. Figure 5.13 
shows the CA0005 duration data for all experimental conditions. With increasing dilution, the 
time for flame kernel development significantly increased. However, the differences in CA0005 
between the two injection strategies are marginal, and only lower dilution cases show that the 
CA0005 for dual injection has slightly shorter duration from retarded point to knock limited 
phasing.  
Figures 5.14 and 5.15 indicate the combustion duration between 5 and 50 percent 
(CA0550) and 50 to 90 percent (CA5090) of the total mass of fuel burned. The CA0550 
represents the rapid burning phase of turbulent flame propagation from the spark side of the 
combustion chamber to the near wall region. The CA5090 is the termination phase close to the 
wall [7]. Both figures clearly show dual injection has shorter durations for all EGR conditions, 
and the difference is more obvious in the CA0550 graph. Based on the turbulent flame 
propagation and termination phase information, the PFI ethanol injection helped the turbulent 
phase in the middle of the cylinder and the end flame termination regions. However, another 
possibility to explain the faster burn duration is the higher in-cylinder temperature compared 







Figure 5.13 Effects of fuel injection strategy and EGR levels on the crank angle degree 
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Figure 5.14 Effects of fuel injection strategy and EGR levels on the duration of 5% to 50% mass 
fraction burned (CA0550) as a function of combustion phasing 
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Figure 5.15 Effects of fuel injection strategy and EGR levels on the duration of 50% to 90% 


















  DI only  EGR  0 %
  DI only  EGR  7 %
  DI only  EGR 14%
  DI only  EGR 21% 
  Dual (DI+PFI)  EGR  0 % 
  Dual (DI+PFI)  EGR  7 %
  Dual (DI+PFI)  EGR 14% 















5.6 Particulate Matter and Gaseous Emissions 
5.6.1 Particulate Matter Emissions 
Figures 5.16, 5.17, and 5.18 show the total particulate number and the size distribution 
results, respectively. In Figure 5.16, the baseline condition with purple star symbol is presented 
as the DI only results using gasoline with no ethanol and no EGR. Comparison of the gasoline DI 
only with no EGR results with the E20 data shows the effects of ethanol addition on particulate 
number emissions. All cases below the knocking limit yielded lower particulate number 
emissions. In addition, all cases showed that the amount of particulate matter dramatically 
increased after reaching the knocking limit, and there was no difference in particulate number 
with EGR dilution before the knock limit. The fuel injection strategy had negligible effect on the 
total particulate number trends.   
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Figure 5.16 Total particulate number emissions based on combustion phasing 
 
Figure 5.17 and 5.18 show the size distribution of the particulate emissions from the two 
injection strategies and the concentration trends of nucleation and accumulation modes. The 
smallest group of particulate matter size, with diameters of ≤ 50 nm (or 23 nm [93]), are 
typically referred to as nucleation mode. Growth of nucleation mode particles leads to 
accumulation mode, which are normally between 50 nm (23 nm) and 1μm in vehicle 
measurements [94–96]. The dashed line graphs in the first column are the direct injection only 
cases with the four levels of EGR dilution, and the second column presents the results for the 
dual injection cases. The maximum values of the nucleation and accumulation modes are 
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indicated in the graphs with arrows, and the total number of the nucleation and accumulation 
modes are presented in the third column. The scale is the same in all graphs to facilitate 
comparisons. The difference between the first and second columns after knock-limited 
conditions shows that the particulate matter emissions for dual injection are lower than for direct 
injection only, regardless of the mode. For knock limited conditions, increasing the EGR ratio, 
the number of nucleation mode particles, and the number of accumulation mode particles 
generally decreased. The column of Figure 5.18 highlights this trend. The knock limited values 
of the accumulation mode (red symbols) are higher than the knock limited nucleation mode 
values (blue symbols) at 0 and 7% EGR condition. But as EGR increased to 14% the 
concentration of the two modes were almost identical and then for EGR of 21% the 
concentration of the nucleation mode exceeded the accumulation mode for knock limited 
conditions. The nucleation mode particles are mostly comprised of unburned hydrocarbon or 
liquid droplets [93], so the trends for increased nucleation and total hydrocarbon emissions 
(presented in the next section) agrees well. 
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Figure 5.17 Size distributions of the particulate matter emissions where the left column presents 
the DI only data, the right column presents the dual injection data. For each column, the results 
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Figure 5.18 Comparisons of Nucleation and Accumulation mode concentrations as a function of 
combustion phasing (CA50) for both strategies. Each result for the different EGR levels are 
presented as: (a) EGR 0%, (b) EGR 7%, (c) EGR 14%, and (d) EGR 21%. 
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5.6.2 Gaseous Emissions 
Figures 5.19 and 5.20 show the total hydrocarbon (THC) and nitrogen oxide (NOx) 
emissions, respectively. The emissions were recorded 5 times at each test condition at intervals 
of 5 seconds, and the error bars indicate the standard deviation of the data. THC values increased 
with increasing EGR dilution, and this trend is consistent with the increased nucleation mode of 
the particulate matter emissions. Thus, the nucleation mode particles at the higher EGR condition 
are assumed to be predominantly unburned hydrocarbon droplets. Also, dual injection showed 
lower total hydrocarbon emissions than direct injection only in all conditions. Faster burn 
duration and slightly higher cylinder temperatures could help reduce the unburned hydrocarbon 
emissions.  
The nitrogen oxide emissions clearly decreased with increasing EGR dilution ratio, which 
is attributed to the reduced maximum in-cylinder temperatures associated with dilution. 
Although the total mass of the fuel with dual injection is lower than with direct injection, the 
dual injection data showed similar or slightly higher (for the 14% EGR case only) nitrogen oxide 
emissions than direct injection only. This could be due to the higher unburned cylinder 






Figure 5.19 Effects of fuel injection strategy and EGR levels on indicated specific total 
hydrocarbon (THC) emissions 






















  Dual (DI+PFI)  EGR   0% 
  Dual (DI+PFI)  EGR   7%
  Dual (DI+PFI)  EGR 14% 
  Dual (DI+PFI)  EGR 21%
  DI only  EGR   0%
  DI only  EGR   7%
  DI only  EGR 14%





Figure 5.20 Effects of fuel injection strategy and EGR levels on indicated specific nitrogen oxide 
(NOx) emissions 
 
5.7 Conclusions and Summary 
An experimental study of the effects of dual fuel injection on knock, efficiency, and EGR 
tolerance was performed and compared with a direct injection fueling strategy at various levels 
of EGR dilution. The most important conclusions of the study were the demonstration that the 
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dual fuel injection strategy improved combustion stability but did not extend the knock limit 
based on combustion phasing, and the overall thermal efficiency was comparable between the 
two injection strategies at all EGR conditions.  
Based on the experimental results and analyses, the following additional conclusions are 
drawn: 
• Dual injection with gasoline DI and ethanol PFI resulted in slightly later knock-limited 
combustion phasing compared with direct injection with E20 DI only. The knock intensity 
of dual injection based on identical phasing was higher than the knock intensity of direct 
injection.  
• Dual injection showed lower volumetric efficiency than direct injection, likely caused by the 
enhanced charge cooling of direct injection and fresh air displacement of evaporated port 
injected fuel. Consequently, the gross IMEP for dual injection was proportionally lower than 
for direct injection.  
• Burn duration represented by CA1090 for dual injection was slightly shorter than for direct 
injection. Estimated unburned gas temperature; however, was higher than for direct 
injection. The higher temperature was presumed to be the major reason for the increased 
knock vulnerability.     
• With increasing EGR mass fraction, knock limited thermal efficiency increased linearly for 
both injection strategies. The benefit from the knock limit extension by EGR was more than 
two times higher than the dilution composition benefit. 
• Using a 3% of CoV limit, the stability benefit of dual injection was higher at low dilution 
conditions. Faster burn duration of dual injection was assumed to be the major reason for the 
improved stability.  
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• Based on analysis of the combustion analysis, the port injected ethanol was most beneficial 
to the middle stage (CA0550) of combustion which includes flame propagation from the 
chamber to the near wall region.  
• Particulate matter emissions dramatically increased after the knock limit in all cases. 
Particulate emissions for dual injection were slightly lower than for direct injection at knock 
limited conditions. This trend could be caused by less local fuel rich pockets and higher in-
cylinder peak temperature.  
• With increasing EGR, accumulation mode particulates decreased, and nucleation mode 
particles increased for both injection strategies.  
• Total hydrocarbon emissions increased with increasing EGR for both injection strategies and 
were lower for dual injection compared with DI only injection.  
• Nitrogen oxide emissions for dual injection were similar or slightly higher than for direct 




          Chapter 6  
 
 
Multiple Injection for Improving Knock, Gaseous and Particulate Matter 
Emissions in Direct Injection SI Engines 
6.1 Preface 
This chapter is about the third strategic parameter about the multiple injection strategy. A 
conventional E10 fuel is used for investigating the effect of multiple injection on engine 
combustion and emissions. The abstract for this chapter is attached below.  
Advances in fuel injector technology have enabled research and development on a large 
variety of direct injection spark ignition (DISI) engine fueling strategies targeted to improve 
engine performance and reduce engine-out emissions. This study explores the effect of multiple 
injections on knock, engine efficiency and stability, and particulate number and gaseous 
emissions on a single-cylinder research DISI engine. Work to date on multiple injections in the 
literature was reviewed, and then two aspects of multiple injection strategies were 
experimentally investigated: the number of injections (up to five times in a cycle); and the timing 
of the injections (classified relative to the timing of intake valve opening and closing). A 
boosted, single-cylinder research engine equipped with a state-of-the-art piezoelectric hollow 
cone spray direct injector and research grade E10 gasoline was used for the study. The results 
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show multiple injections maintain torque and combustion stability compared with single 
injection and increase the knock limits and thermal efficiencies (slightly, maximum 0.7% 
improvement based on absolute ITEg) due to improved heat release phasing, especially with an 
additional late injection during the intake valve closed (compression stroke) period. The gaseous 
pollutant emissions including nitrogen oxides and unburned hydrocarbons were significantly 
reduced with multiple injections (25% reduction for NOx and unburned hydrocarbons), 
particularly with injection during the compression stroke. In contrast, carbon monoxide 
emissions increased with multiple injections for all non-knocking conditions. Increasing the 
number of injection events significantly reduced particulate number emissions, and the decrease 
in particulate number was not a sensitive to the injection timing. 
 
6.2 Introduction 
The standards for engine efficiency and emissions are becoming more stringent due to 
rigorous emission regulations and the need for more fuel-efficient vehicles to reduce the carbon 
intensity of the transportation sector. Engine downsizing and boosting with direct injection in the 
spark ignition (SI) engine has been shown to be one of the most promising ways to overcome the 
limitations of traditional port injected, naturally aspirated SI engines, and to achieve the 
emissions standards [97–99]. By reducing cylinder displacement, the engine can be operated in a 
more efficient region at higher loads, and the relative friction losses are reduced compared with 
conventional SI engines. Also, by increasing the boost level, thermal efficiency increases due to 
the rise in volumetric efficiency and reduction in pumping losses [3,5,6]. With increasing boost 
level, however, knock propensity is severely increased due to the rise in pressure and 
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temperature of the mixture, and the increased knock limits the potential gains thermal efficiency, 
the higher pressure and temperature can also increase some pollutant emissions [7]. In order to 
mitigate knock and achieve other benefits, a common approach is to use direct injection of the 
fuel. Direct injection generally decreases knock by maximizing fuel charge cooling, which also 
improves volumetric efficiency compared with conventional port fuel injection engines 
[100,101]. Although direct injection in SI engines has been playing a significant role in knock 
mitigation, there still exists a gap for improving knock limits under boosted conditions. In 
addition, knock limit extension of direct injection engines has a significant impact on both 
gaseous and particulate matter emissions [7]. Thus, continuing research on injection strategies is 
essential to improving both performance and emissions of direct injection SI engines. 
To date, a variety of injection strategies have been explored in the literature to improve 
both performance and emissions of direct injection in SI engines. One of the earliest trials for 
gasoline direct injection was charge stratification with enhanced flow, such as swirl and tumble. 
The knock free engine concept called the Texaco Combustion Process (TCP) stratified-charge 
engine [102–105] explored the operation of the combustion phase of the cycle with a spray 
guided diffusion flame for eliminating end-gas auto-ignition in the 1960~1970’s. The TCP 
concept showed a noticeable improvement in fuel economy and air-toxic emissions but had 
critical limitations at cold start and with combustion stability. A decade later, the Programmed 
Combustion (PROCO) engine concept [106–108], which utilized gasoline fueled stratified 
charge with lean mixtures in a higher compression ratio engine, was introduced for improving 
fuel economy and emissions by Ford Motor Company. The PROCO engine concept 
demonstrated good attributes and was developed into multi-cylinder engines with further 
enhancements, such as dual spark plug, combustion chamber design, and so on. Around the same 
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time, several other stratified gasoline direct injection development efforts were undertaken, 
including work by Klöckner-Humboldt-Deutz [109], General Motors [110], Mitsubishi [111], 
Maschinenfabrik Augsburg-Nürnberg [112], Ricardo [113], Southwest Research Institute [114], 
and others [115]. Although all these efforts made noteworthy progress in both efficiency and 
emissions, the commercialization of direct injection SI engines was not smooth at that time, due 
to a lack of sufficiently robust fuel injector technology with regard to precise real-time control, 
nozzle design, proper fuel atomization, durability, and so on. In particular, the mechanically 
driven direct injectors could not fully overcome the major problems associated with fuel 
stratification, such as lower stability, higher hydrocarbon emissions, and soot deposition near the 
injector holes. Thereafter, gasoline direct injection development hit a lull and most of the direct 
injector studies were focused in the field of diesel engines. In the early 2000’s, interest in direct 
injection strategies for gasoline spark ignition engines re-emerged to replace port fuel injection 
with direct fuel injectors that were more robust and more durable than their predecessors. 
As gasoline direct injectors were being commercialized and injector technologies were 
developed, more effective solutions for combustion and emission problems became necessary. 
One of the fuel injection strategies with the greatest potential to optimize direct injection engine 
performance and emissions is multiple injection (or sometimes called split injection), which 
injects fuel multiple times in a cycle, and has been applied in recent gasoline direct injection 
engines. Originally multiple injection was developed for improving soot and nitrogen oxide 
emissions in diesel engines via pilot or post injections [116,117], and such strategies achieved 
good results not only in emissions but also in engine combustion quality and noise [118,119]. So, 
multiple injection strategies have become an important element of engine calibration strategies in 
compression ignition engines and have led to efficiency improvement, soot reductions, 
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expansion of the use of alternative fuels, and other developments [120–124]. The application of 
multiple injection in spark ignition engine, however, has not been as thoroughly studied to date, 
and the potential of advanced fuel strategies merits further exploration. To date, only partial 
multiple injections and limited strategic approaches have been implemented in production 
engines to mitigate as cold start problems [125,126], and most of strategies have been developed 
for solenoid type injectors with six to eight hole injector designs. Recently, fast piezo-electric 
type direct injectors with hollow cone sprays have become available with capability for up to 
five injections per cycle [127]. Piezo-electric injectors offer the opportunity to compare the 
effects of multiple injection strategies with different fuel spray development characteristics than 
the solenoid-type sprays. 
Hence, the objective of the current work is to summarize the state of understanding of the 
effects of multiple injections on SI engine performance and to experimentally characterize and 
compare the effect of multiple injections from a piezo-electric injector on knock limits, engine 
performance, and gaseous and particulate matter emissions. Specifically, the effects of two 
primary factors were experimentally analyzed in depth: the number of fuel injections; and the 
injection timing (relative to the intake valve opening and closing). The information provided here 
is intended to offer strategic guidelines for operating the multiple injections in direct injection 
spark ignition engines. 
 
6.3 A Review of Multiple Injection Studies in SI Engines 
Various aspects of multiple injection studies for gasoline direct injection engines have 
been explored over the past decade via both simulation and experiment. However, 
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comprehensive and strategic studies on multiple injection effects are still lacking for many 
important hardware configurations, like cone spray injectors. Previous work on multiple 
injection studies that have been reported to date are summarized here, particularly with respect to 
learning on spray mixing characteristics and engine performance (e.g., thermal efficiency, engine 
out emissions, etc.) via physical experiments and computational engine simulations. 
6.3.1 Previous Studies of the Benefit of Multiple Injection 
6.3.1.1 Improving Charge Composition Homogeneity 
In contrast to the fully stratified charge combustion concept, in-cylinder mixture 
homogeneity is one of the most important factors for stoichiometric spark ignition combustion 
with regard to pollutant emissions and engine performance. It is generally known that late fuel 
injection causes more uneven in-cylinder mixtures compared with an early single fuel injection 
near the intake valve opening event. But using a partial late injection through split injection, 
homogeneity can be improved for several reasons. 
Li et al. [128] studied the effects of multiple injection on the mixture formation process 
using several laser sheet imaging techniques (laser induced fluorescence (LIF), particle image 
velocimetry (PIV), and laser absorption scattering (LAS)). They compared single and double 
injection with varying the dwell time between the first and second injection, and three major 
findings were determined to explain the improved homogeneity observed with multiple injection. 
The first observation was reduced high density liquid droplets on the leading edge of the first 
spray, so the total leading-edge area could be doubled by split injection regardless of the mixture 
flow. Another observation was the increased radial width of each spray plume due to the 
interaction between the second spray and the air flow induced by the first spray. The interaction 
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promoted the second spray edge evaporation and the region of lean mixture (i.e. charge with a 
fuel-to-air equivalence ratio of ϕ < 0.7) was significantly reduced. The last observation was the 
combustible mixture region (where ϕ is between 0.7 and 1.3) was expanded with multiple 
injection, and this phenomenon was also found in their stratified charge spray observations 
[129,130]. 
Imaoka et al. [131] conducted multiple injection experiments using LIF visualization and 
numerical simulations. A homogeneity index, which uses the ratio of the average to the standard 
deviation of the equivalence ratio distribution on the piston plane cross section, was introduced 
in the study, and the results showed that around 4% of the homogeneity index was improved in 
the triple injection case compared with single injection based on the fixed center of injection 
timing. Serras-Pereira et al. [132] compared the spray formation between early single injection 
and split injection using a very late second injection using optical imaging. Although their 
experimental set up was intended to realize semi-stratification, the flame radius with double 
injection showed higher growth ratio than single injection due to the elimination of a lean zone 
(improved homogeneity) near the spark plug.  
6.3.1.2 Enhancing Turbulence 
Turbulence including swirl and tumble is also a key factor for improving performance, 
knock, and emissions in spark ignition engines. Kim et al. [133] studied the effect of double 
injection on in-cylinder turbulence using numerical simulation and optical engine experiments. 
Two double injection cases were compared using different dwell times between the first and 
second injections. Both experimental and simulation results agreed that multiple injection 
improves turbulent intensity, and the short dwell time case showed higher turbulence ratio than 
the long dwell time case. Their observation, however, showed decreased compositional 
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homogeneity with maximized turbulence unlike the other studies summarized above. The 
discrepancy may be because the first injection timing was relatively late (in the middle of 
intake), and this agrees with a similar study conducted by Song et al. [134]. Thus, optimization 
of the first injection timing also could be an important factor for improving both turbulence and 
homogeneity.  
6.3.1.3 Lowering Fuel Impingement on Combustion Chamber and Piston Surfaces      
Piston and cylinder wall impingement are known as the primary reasons for particulate 
matter emissions from SI engines due to the formation of a local fuel rich zone or pool fires. 
Studies on the relationships between multiple injections and fuel surface impingement have been 
actively conducted to date. 
Wang et al. [135,136] studied spray characteristics of split injection under different flash 
boiling conditions using a high pressure vessel. They observed substantially shortened total spray 
penetration length as well as reduced spray impingement on the impact wall in the vessel with a 
double injection strategy. Also, they showed the dwell interval between the first and second 
injections could affect the rate of fuel film development on the wall, and that a longer dwell 
interval tends to reduce fuel films from the second injection due to better flash boiling. Similarly, 
Li et al. [129,137] experimentally observed the reduced penetration length and increased radial 
width of the spray using multiple injections. 
Seo et al. [138] conducted an impingement study of multiple injections using engine 
computational fluid dynamics simulations. The amount of liquid fuel film on the piston was 
simulated by varying the second injection mass ratio using fixed injection timing. The results 
showed that a higher amount of fuel in the second injection (up to 70%) generates less liquid 
film on the piston, but an overly high amount of second injection mass increases total engine-out 
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particulate emissions cause by lowering the mixing rate. So, proper mass distribution is 
recommended for both performance and emissions. Su et al. [139] conducted a similar 
simulation study, considering up to triple injection, and they also claimed that reducing the first 
injection mass (down to 40% by mass) is beneficial for lowering particulate emissions for both 
double and triple injections.  
6.3.1.4 Maximizing Charge Cooling Effects 
Knocking in SI engines is closely related to the in-cylinder temperature especially near 
the end-gas region, and the average in-cylinder temperature can be lowered by maximizing 
charge cooling. Charge cooling effects can be improved by later injection, especially after the 
intake valve closing time, but it has been difficult to realize the benefit with conventional single 
injection, due to incomplete combustion with retarded start of injection (SOI). By adopting 
multiple injections, knock limit extension is possible with partial late injections. Yang and 
Anderson [140] introduced this concept a couple of decades ago, and they conducted engine 
experiments by comparing PFI (Port Fuel Injection) and DI (Direct Injection) with single and 
double injection. Their results showed that multiple injection with an optimized injection mass 
ratio of 2:1 and timing of 270:150 before top dead center (bTDC) improved indicated mean 
effective pressure (IMEP) by about 2 ~ 3% compared with single injection, possibly due to the 
charge cooling. Later, studies on the relationship between multiple injection and knock re-
started. Imaoka et al. [131] studied the effects of single, double, and triple injection on charge 
cooling. The results showed charge cooling efficiency was improved with more injections, 
possibly due to lowered cylinder temperature and pressure, but pressure oscillations related to 
instability increased. Wei et al. [141] also conducted engine experiments which showed some 
potential for extending knock limits with multiple injections, and their results showed improved 
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engine stability with double injection regardless of the injection timing in contrast with the study 
of Imaoka et al. [131]. Thus, more research is needed regarding spark knock and multiple 
injection strategies.  
6.3.2 Engine Performance 
6.3.2.1 Thermal Efficiency and Fuel Consumption 
Few studies have considered the thermal efficiency and fuel consumption benefits of 
multiple injection. The work that has been reported suggests there is a small efficiency 
improvement, unless one changes combustion modes, such as via dilution or lean stratification, 
or changes the hardware, e.g. increase the compression ratio. Based on the literature on this 
topic, the mechanisms of multiple injections for improving thermal efficiency can be divided into 
three major categories: combustion quality improvement (e.g., higher combustion efficiency, 
faster burn duration, and so on); knock limit extension; and combustion mode changes (e.g., lean 
stratification, etc.) 
Duan et al. [141] studied the effect of double injection on engine combustion using six 
conditions, in which they varied the second injection mass fraction and timing with fixed first 
injection and spark timing. All cases showed slightly higher thermal efficiency except for late 
second injection with large fuel mass, and this trend agreed with the combustion efficiency 
trends. For fixed spark timing, the thermal efficiency benefit is affected by not only combustion 
efficiency, but also by advanced phasing and slightly shortened burn duration. Singh et al. [127] 
comprehensively studied multiple injection effects in a multi-cylinder engine, from single to 
quadruple injection using gasoline piezo-electric injectors. The maximum achievable thermal 
efficiency also improved slightly under multiple injection conditions due to improved 
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combustion efficiency, and the effects were more effective under boosted condition. While 
multiple injections had lower impact on improving thermal efficiency, engine-out emissions 
were dramatically improved for CO, unburned hydrocarbons, and particulate number. However, 
NOx emissions increased slightly with multiple injections.  
In the work by Wei et al. [142], the authors demonstrated knock limit extension and 
improved the thermal efficiency (1.2% brake thermal efficiency improvement with optimized 
double injection), which they attributed to charge cooling. Imaoka et al. [131] showed about 5 
g/kWh reduced fuel consumption rate with the triple injection strategy.    
Thermal efficiency improvement through different combustion modes is also one of the 
major benefits of multiple injections. Zeng and Sjöberg [143] explored double injection benefits 
for stratified charge combustion modes with lean charge and dilution using exhaust gas 
recirculation (EGR). Higher indicated thermal efficiency was achieved, up to 40%, with 
optimized injection timing for combustion stability and emissions. Costa et al. [144] and Oh et 
al. [145] also demonstrated the benefits of a lean stratified engine combustion with improved 
efficiency and emissions.  
6.3.2.2 Fuel Compatibility 
A greater choice of gasoline fuels is available worldwide, so fuel compatibility studies in 
combination with fuel injection strategies have been an important factor in SI engine 
development. One of the most popular alternative fuels is ethanol, and the effects of multiple 
injections using ethanol have been explored recently. Turner et al. [146] studied different bio-
ethanol blend ratios under multiple injection conditions, and showed the oxygenated fuel benefits 
are maintained under multiple injection conditions. Singh et al. [127,147] also studied ethanol 
compatibility for multiple injection strategies varying the ratio of ethanol up to 85 percent, and 
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the benefits of multiple injections on engine efficiency were consistent at different ethanol 
blending ratios.  
Merola et al. [148] examined the compatibility of pure n-butanol fuel with double 
injection in an optical engine, and the engine combustion results showed that the multiple 
injection benefits could be even greater with the alternative fuel compared with conventional 
gasoline due to better mixture formation and fuel evaporation. Daniel et al. [149] also studied 
two alternative fuels (2,5-dimethylfuran and ethanol) and compared the results with conventional 
gasoline. The benefits of multiple injections were obtained for engine combustion and emissions 
for the alternative fuels with proper optimization of the injection strategy.   
6.3.3 Engine-out Emissions 
6.3.3.1 Gaseous Emissions 
The benefits of multiple injections on regulated gaseous emissions such as nitrogen 
oxides, carbon monoxide, and unburned hydrocarbon emissions have been reported in several 
studies. Most of the results showed the potential of multiple injections for reducing nitrogen 
oxides emissions due to the reduced in-cylinder temperatures [141,150], and for reducing carbon 
monoxide, and unburned hydrocarbons emissions [127]. One noteworthy observation, however, 
is that most of the results showed trade-offs with regard to the gaseous pollutant emission, but 
not all pollutant emission reductions. So, detailed optimization for emissions appears to be 
necessary to avoid uneven emissions outcomes.  
6.3.3.2 Particulate Matter Emissions 
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One of the major benefits of multiple injections is a reduction of particulate matter 
emissions. He et al. [151] reported the effect of split injection on particulate matter emissions at 
different loads. Their results showed total particulate number concentration was reduced by half 
using double injection under high load conditions, but that the reduction was not as significant 
under low load conditions. Costa et al. [152] also showed reduced particulate matter emissions 
for homogeneous stratified lean combustion using an optically-accessible gasoline direct 
injection (GDI) engine and numerical simulation. They attributed the lower particulate emissions 
to reduced piston wall films caused by lowered fuel impingement. In contrast, Park et al. [153] 
showed somewhat increased particulate matter emissions using multiple injections with a direct-
injection spark-ignition (DISI) engine and gasoline fuel, although the results could have been due 
to the higher second injection mass used. The prior work demonstrates that well-designed 
injection strategies are necessary for particulate matter reduction.   
 
6.4 Experimental Details 
6.4.1 Engine and Fuel Specifications 
A boosted Ricardo Hydra single-cylinder research engine was used to explore the effect 
of multiple injections on performance and emissions in this study. The pent-roof design of the 
cylinder head included a centrally mounted direct injector (Bosch HDEV4) and side-mounted 
spark plug. The direct injector was a piezoelectric injector and produced a hollow cone spray 
with a maximum 30 mm penetration length. The fuel supply system for direct injection used a 
fuel flow meter to calculate the air-fuel equivalence ratio in conjunction with an air mass flow 
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meter (Fox Instruments FT2). The air to fuel equivalence ratio was confirmed by the measured 
gaseous emissions using an emissions bench (Horiba MEXA-7100DEGR) and a lambda meter 
(ETAS LA4) with a lambda sensor (Bosch LSU 4.9) in the exhaust runner.  
The compression ratio of the engine was 10.5:1 with 0.5-liter displacement volume. The 
valve timing was fixed for all experimental conditions, and the valve opening duration was 226 
crank angle degrees for both the intake and exhaust valves based on 0.5mm valve lift. Additional 
specifications are summarized in Table 6.1. 
Figure 6.1 shows a schematic diagram of the boosted Hydra single-cylinder research 
engine and supporting facilities. Intake air was compressed and filtered, and the pressure was 
regulated using a pneumatic valve downstream of the air filters to maintain the target intake 
pressure at the intake plenum. The air supply system to the engine intake included a by-pass 
heater and cooler located upstream of the intake plenum to maintain constant intake air 
temperature. Engine oil and coolant were conditioned by external systems to maintain constant 










Table 6.1 Engine geometry and specifications for Chapter 6 
Parameter Value 
   Displaced Volume 500 cm3 
   Bore / Stroke 86 mm / 86 mm 
   Connecting Rod 143 mm 
   Compression Ratio 10.5 : 1 
   Intake Valve Timing IVO 362 / IVC 136 bTDCign 
   Exhaust Valve Timing EVO 138 / EVC 364 aTDCign 
   Head Design Pent-roof 
   Number of Valves 4 
   Spark Plug Side mounted 
   Direct Injector 
Bosch HDEV4 piezoelectric spray guided injector. 
Hollow-cone spray (85° ± 5° spray angle) 
 
The engine operating parameters were controlled using an in-house developed National 
Instruments (NI) Labview field-programmable gate array (FPGA) and real-time programs. The 
hardware was accompanied by eight digital and analog input and output modules in a compact 
real-time controller (cRIO). The engine operating program allowed control of spark timing, fuel 
injection timing, and fuel injection duration for the direct injector. The low-speed data including 
temperature, pressure, air and fuel flows, etc., were recorded using NI modules and signal 
conditioning extension for instrumentation (SCXI) systems. 
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A Horiba MEXA-7100DEGR was used to measure the gaseous emissions. NOx, CO, 
CO2, O2, and total hydrocarbon (THC) emissions were measured and the air to fuel equivalence 
ratio (λ) was determined using the gaseous emissions bench. Exhaust gases were sampled from 
the center of the exhaust plenum through a perforated tube and transferred to the emission 





Figure 6.1 Schematic of the boosted Ricardo Hydra single cylinder DISI (Direct Injection Spark 



























































Table 6.2 Fuel specification for Chapter 6  
Fuel Properties * Gasoline (E10) 
Carbon (Wt%) a 81.94 % m/m 
Hydrogen (Wt%) a 14.43 % m/m 
Oxygen (Wt%) b 3.63 % m/m 
Ethanol (C2H5OH) Contents 
b 10.46 % m/m (9.66 % v/v) 
Research Octane Number c 98.7 
Motor Octane Number c 90.0 
Sensitivity (R-M) c 8.7 
Gross (Higher) Heating Value d 45.14 MJ/kg 
Net (Lower) Heating Value d 42.08 MJ/kg 
Density at 60.0°F e 0.7329 g/mL 
*Analytical results of Paragon Laboratories, Livonia, MI, USA. (2018) 
a ASTM D5291        b ASTM D4815        c ASTM D2699/D2700  
d ASTM D240          e ASTM D4052  
 
Particulate matter emissions including particle number (PN) concentration and size 
distribution were measured using a fast particulate analyzer (Cambustion DMS500 mk2). The 
measurement range for particle size was from 5 nm to 1000 nm (1 µm) with two-stage dilution. 
For all engine conditions, the samples were diluted with heated dry air (150 °C) in the first stage 
with 6:1 dilution ratio to prevent condensation of hydrocarbons and water and to prevent 
significant particle agglomeration. The samples were diluted with dry air at the second dilution 
stage with 1:1 dilution ratio. The first stage inlet flow was regulated to 8 liter per minute with a 
1.0 mm size orifice and cyclone to capture large particles. Exhaust samples were collected from 
the exhaust side runner with a 0.25 inch (6.35 mm) diameter insulation stainless steel tube. All 
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data were collected at a sampling rate of 0.1 Hz for 50 seconds and subsequently averaged, and 
the standard deviation calculated. 
The gasoline fuel used in the study was a research grade E10 gasoline (gasoline with 10 
volumetric percent of ethanol). The research octane number was 98.7 and motor octane number 
was 90.0 (sensitivity of 8.7). The fuel analytical results from Paragon Laboratories are 
summarized in Table 6.2. 
 
6.4.2 Combustion Analysis and Knock Quantification 
High-speed in-cylinder pressure data were sampled for 200 cycles at 0.1 crank angle 
degree resolution using a pressure transducer (Kistler 6125A piezoelectric) which was located on 
the side of the cylinder head. The pressure signal was amplified (AVL IFEM) and recorded 
(AVL Indiset module) with a crank angle encoder signal (AVL 365C01). The high-speed intake 
and exhaust pressure data were also measured for heat release analysis using piezo-resistive 
transducers (Kistler 4007 and 7533A water cooled) at the same resolution in the intake and 
exhaust runner.  
A two-zone heat release analysis code for spark ignition engines was used to calculate 
combustion rates and in-cylinder temperatures with estimated mixture specific heat ratio and 
residual gas fraction. A detailed analysis description of the code and validation results can be 
found in Ortiz-Soto et al. [23]. Calculations were performed for all 200 cycles of the cylinder 
pressure data, and a 3.5 kHz low pass filter was applied to the in-cylinder pressure data prior to 
conduct analysis. For each cycle, a standard Woschni [154] heat transfer correlation with 
variable mixture properties was used to calculate the gross heat release rate and mass fraction 
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burned. Combustion parameters including phasing and burn duration were calculated for each 
cycle and then the average and standard deviation values were determined for all cycles. The 
internal residual fraction, defined as the mass of fuel and air charge remaining in the cylinder 
from the previous cycle relative to the total mass of the initial fuel and air charge was estimated 
for each cycle using the state equation method under positive valve overlap condition.   
Knocking and combustion stability results are sensitive to the surrounding environment, 
so each set of the experiments was repeated three times on different days. Knock was measured 
two separate ways for each experiment: the first using audible knock during the experiments with 
a microphone and speaker in the control room; and the second using knock intensity calculations 
based on the in-cylinder pressure data from each cycle.  
A peak-basis knock intensity calculation method called ‘KI peak to peak’ was used for 
knock quantification. The process of calculating the ‘KI peak to peak’ involves filtering the raw 
pressure signals using a 3.5 kHz high pass filter and fast Fourier transformation (FFT). After 
applying the FFT, the difference between the maximum to minimum peak of the filtered pressure 
using Equation 6.1.  
 
𝐊𝐈 𝐩𝐞𝐚𝐤 𝐭𝐨 𝐩𝐞𝐚𝐤 =  | ( 𝒎𝒂𝒙 { 𝒑(𝒊) }  ) − ( 𝒎𝒊𝒏 { 𝒑(𝒊) } ) | (6.1) 
 
In Equation 6.1, p(i) indicates the filtered pressure and ‘i’ is the crank angle degree. The 
range of ‘i’ is set from -20 TDCign to +70 TDCign, to avoid noise from other sources such as 
intake and exhaust valve closing signals. Signal oscillation caused by the valve closing is 
occasionally higher than the knocking oscillation in lower knocking cycles. The detailed 
calculation including FFT filtering guideline and validation with other knock quantification 
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methods is described in Han et al. [15]. The knock threshold value of ‘KI peak to peak’ was set 
at 0.42 bar in this study. 
6.4.3 Experimental Conditions 
In all tests, the intake and exhaust pressure were set to 1.20 bar (boosted condition) and 
1.05 bar, respectively, and the global air-to-fuel equivalence ratio was maintained at 1.00. Spark 
dwell time was held constant at 2.22 ms which is equivalent to 20-crank angle degree at an 
engine speed of 1500 rpm with constant ignition energy. The fuel rail pressure was held at 200 
bar with an external high-pressure nitrogen cylinder and an accumulator. The fixed operating 
conditions are summarized in Table 6.3. 
 
Table 6.3 Engine experimental condition 
Parameter Value 
Engine Speed 1500 rpm 
Fuel Rail Pressure 200 bar 
Air/Fuel Equivalence Ratio (λ) 1.00 
Spark Dwell Time 2.22 ms (20 CAD at 1500 rpm) 
Intake / Exhaust Pressure (abs) 1.20 bar / 1.05 bar 
Intake Air Temperature 26.0 °C ± 0.5 °C 
Coolant Temperature 85 °C 
Oil Temperature 85 °C 
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6.4.3.1 Start of Injection (SOI) Effects 
Prior to the design of the experimental conditions, a start of injection (SOI) study was 
performed to determine the proper injection timings for multiple injection strategies, with regard 
to engine combustion and emissions. The SOI timing was changed from 360 bTDC to 80 bTDC 
in 20 degree increments with the same spark timing (22 bTDCign). Figure 6.2 shows the engine 
combustion and emissions results, and Figure 6.2 (a) depicts the effect of SOI on the subsequent 
phasing of 5% mass fraction burned, 10% burned, 50% burned with standard deviation, and 90% 
burned at the same spark timing. Combustion phasing and burn duration was relatively consistent 
from the intake valve open (IVO) timing to right before intake valve close (IVC) timing, but 
increased after ~160 bTDC injection. Combustion stability also decreased after 160 bTDC 
injection. Figure 6.2 (b) indicates particulate matter (PM) emissions (left vertical axis) and 
nitrogen oxides emissions (right vertical axis) as a function of single SOI timing. PM emissions 
were very high for injection before TDC due to significant piston impingement, and PM 
emissions return to more moderate emissions near 300 bTDC. But the PM emissions showed a 
small peak between the 260 to 220 bTDC in the IVO range, and this trend consistent with other 
test conditions. This peak is presumed to be due to valve impingement of the fuel spray plume 
for this particular engine design. Particle number emissions started to increase from the IVC 
timing near 140 bTDC. The nitrogen oxide emissions showed similar trends as the PM emissions 
and decreased after IVC timing due to decreased cylinder peak temperature. Based on these 
results, the proper SOI timing for multiple injection was set as 280 bTDC for the main injection 
with additional injections between 200 and 160 bTDC during the intake stroke. 
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Figure 6.2 Burn durations and emissions results as a function of SOI timing with single injection 
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6.4.3.2 Experimental Design by Injection Region and Number 
In order to investigate the effects of multiple injections on both combustion and 
emissions, two major variables were considered based on guidance from the literature and the 
single injection tests. The first variable was the number of injections in a cycle, and the other was 
the injection timing based on the region. The injection timing was divided into two regions in 
crank angle space, based on IVC timing. Figure 6.3 shows a schematic of the regions used in the 
study: ‘Region I’ which includes the intake stroke region (before IVC) and ‘Region II’ which 
includes the compression stroke (after IVC). Three cases varying the number of injections for 
each region were studied. Specifically, the cases were single, double, and quadruple injections 
for ‘Region I’, and double, triple, and quintuple injections for ‘Region I + II’. The notation ‘+1’ 
indicates the ‘Region II’ injection while holding the injection timing in the ‘Region I’ constant. 
The main/first injection timing was set to 280 bTDC, and the second injection timing was set to 
180 bTDC, based on the experimental results from the preliminary single-injection timing study. 
The quadruple injection timing was the same as the double injection timing, but each of the 
double injections were separated into two injection events each with a 20 crank angle degree 
separation to the start of the injection events. Specifically, the quadruple injection timing was set 
to 290, 270, 190, and 170 bTDC. For the ‘Region II’ injections, the timing was set to 100 bTDC 
for all compression stroke cases. 
The detailed experimental conditions are summarized in the Table 6.4 including the 
injection fuel mass ratios used. The amount of injected fuel mass was equally distributed in 
‘Region I’, and when the ‘Region II’ was activated, the ‘Region II’ injection amount was fixed to 





Figure 6.3 Schematic of the regions and potential benefits of different injection strategies as a 
function of cycle timing [CAD]. Timing of important events such as spark timing and valve 
events are also provided for reference. 
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1 inj. 280 100 %  
2 inj. 280 & 180 50 % × 2 
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1 + 1 inj. 280 + 100 66.6% × (100 %)      + 33.3 % 
2 + 1 inj. 280 & 180 + 100 66.6% × (50 % × 2)  + 33.3 % 
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6.4.4 Uncertainty Analysis 
Uncertainty analysis was performed to determine the precision and repeatability of the 
experimental results, for example, combustion phasing, efficiencies, and emissions based on the 
square root of the variance method described by Moffat [24], which is explained in the Equation 
6.2.  








Each individual term in the parenthesis was combined by a root sum square method, and 
the result represents the contribution made of the uncertainty in the variable, δXi, to the overall 
uncertainty of the result δR. Each term has the same form: the partial derivative of R with respect 
to Xi multiplied by the uncertainty interval for the variables. The number of samples N was 200 
for the high-speed data such as the in-cylinder pressure data, and five for the gaseous emissions 
with a 5 second sampling interval, and six for the particulate matter emissions with 10 seconds 
interval. 
 
6.5 Engine Combustion and Knock 
6.5.1 Combustion Phasing and Knock Limit 
In order to find the maximum brake torque (MBT) or knock limited (KL) conditions for 
each injection case, spark timing was adjusted from 18 bTDC to 30 bTDC at a boosted intake 
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air-pressure of 1.2 bar. Figure 6.4 shows the combustion phasing (i.e., CA50) and knock limited 
data as a function of spark timing. The solid lines with filled symbols are the ‘Region I’ 
injections (with 1, 2, and 4 injections), and the dashed lines with open symbols are the ‘Region I 
+ II’ injections (i.e., using the ‘Region I’ strategy with an additional 100 bTDC injection in 
‘Region II’ for a total of 2, 3, and 5 injections; see Figure 6.3 and Table 6.4). For the line and 
symbol colors, single, double, and quadruple injections are black, blue, and green color, 
respectively, and the red symbols indicate the knocking points. The error bar is the uncertainty 
for 200 cycles described in Equation 6.2, and all graphs in this study follow the same formatting. 
To clearly compare the ‘Region I’ and ‘Region I + II’ injection strategies, the six relevant cases 
are separated into the top three panels of Figure 6.4 (a), (b), and (c). The results show that 
regardless of the use of ‘Region II’ injection, the combustion phasing was almost identical, 
except for the knock limits. The amount of extended knock limited spark advance (KLSA) 
enabled via ‘Region II’ activation was identical for the different injection strategies except for 
the quadruple injection case. The exception for quadruple injection is likely because quadruple 
injection in ‘Region I’ already extended the knock limit by one CAD. The bottom two panels of 
Figure 6.4, (d) and (e), compare the number of injections results for ‘Region I’ and ‘Region I + 
II’, respectively. The combustion phasing differences were also within the uncertainty intervals 
for these cases, and the knock limit differences were negligible, except for slight (1 CAD) 




Figure 6.4 Combustion phasing (CA50) as a function of spark timing; (a), (b), and (c): 
comparison between ‘Region I’ and ‘Region I + II’; (d) and (e): comparisons of 1, 2, and 4 inj. in 
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Figure 6.5 shows the knock intensity results for all six injection strategies as a function of 
combustion phasing (CA50) on a log scale. With advancing the combustion phasing, the knock 
intensity gradually increased at first and dramatically increased after the onset of knock. The red 
horizontal line indicates the knock threshold which is set to 0.42 bar based on a ‘KI peak to 
peak’ calculation, and the area above the red horizontal line is considered the knocking region. 
To investigate the effect of the number of injections, the ‘Region I’ injection cases with solid 
lines are compared first. The single injection baseline showed the earliest knock onset, and 
double and quadruple injections in ‘Region I’ showed the next knock onset, with around 2 crank 
angle degrees limit extension. Based on this result, it could be concluded that multiple injections 
improved the knock limit, even if only the intake valve open region (‘Region I’) was used. A 
noteworthy observation is that the quadruple injection results show slightly more vulnerability to 
knock compared with double injection. This could be because the 20 CAD interval of the first 
two injections and the second two injections was relatively short, so the collision between the 
first spray tail and the leading edge of the following spray may have resulted in uneven mixtures 
compared with the double injection case. This trend is apparent in the ‘Region I + II’ injection 
cases as well.  
To investigate the injection region effect, the ‘Region I + II’ injection cases are compared 
with the single injection baseline. All the ‘Region II’ activation cases showed the largest 
extension of the knock limit, and the order of the extension was the same as found for the 
‘Region I’ injection cases. To compare the injection region effect, the ‘2 inj.’ (solid blue line) 
and ‘1+1 inj.’ (dashed black line, total 2 inj.) cases are compared with the single injection 
baseline (solid black line) results. The ‘1+1 inj.’ resulted in roughly twice the phasing extension 
compared with the ‘2 inj.’ case, even with less fuel mass in the second injection (recall 50% of 
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the fuel mass was in ‘2 inj.’ and 33.3% was in ‘1+1 inj.’). The results indicate multiple injections 
are effective at extending the knock limits, but the impact of the injection region is more 
significant than the impact of the number of injections. The impact of the number of injections 
on the knock limit extension was more effective in the ‘Region I’ cases compared with the 
‘Region I + II’ cases. This could be because there are diminishing benefits with continuously 
increasing the number of injections, or because the ‘Region I’ injection amount is limited to only 
two thirds of the fuel mass. 
 
Figure 6.5 Knock intensity as a function of combustion phasing (CA50) and knock limited 
phasing for each injection strategy (where the knock limit is defined by the intersection of the 
experimental data with the red horizontal line). The red open and filled symbols denote knocking 
conditions. 
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6.5.2 Burn Duration and Knock Limit 
Knocking is generally affected by both the burn duration and the auto-ignition time of the 
mixture in the end-gas region. So, a comparison of the burn duration helps understand the trends 
of the knocking results. Figure 6.6 shows the burn duration (CA1090) as a function of the 
combustion phasing, following the format used in Figure 6.4. The top three panels compare the 
‘Region II’ effects on the burn duration, and the bottom two panels compare the number of 
injections in the two regions. In the top three graphs, the differences between the ‘Region I’ and 
‘Region I + II’ injections clearly show the use of ‘Region II’ increases the burn duration. There 
could be several reasons for the slow burning rates in the ‘Region II’ closed-valve injection 
cases. Burn duration is known to be a function of the flow field characteristics, such as 
turbulence and the unburned mixture state and composition, including flame speed, and the 
flame speed is a function of temperature, pressure, and fuel-to-air equivalence ratio, as shown in 
Equation 6.3 [7,155]. Thus, one of the possible reasons for the increased burn duration for a 
closed intake valve injection strategy is reduced cylinder temperature due to maximized charge 
cooling effects. Another reason could be due to changes in the distribution of the in-cylinder 
fuel-to-air equivalence ratio by partial stratification. Although high stratification typically uses 
very late injection to make the mixture rich near the spark plug with a globally lean condition, 
the ‘Region II’ injection at 100 bTDC is between high stratified injection and homogeneous 
charge injection in ‘Region I’. Thus, there could be a different equivalence ratio gradient with 
activation of fuel injection in ‘Region II’ due to partial stratification. More thorough comparisons 
are discussed in the next section with a heat release analysis. The effect of the number of 
injections on burn duration in each region shows almost identical trends in the bottom two panels 
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of Figure 6.6. Based on the results, a key conclusion is that the burn duration is predominantly 
affected by the injection region rather than the number of injections. 







*SL,0, 𝛼, 𝛽 = function of ϕ (proportional to the fuel to air equivalence ratio). 




Figure 6.6 Comparison of average burn duration (CA1090) of the different injection strategies as 
a function of combustion phasing (CA50). The red open and filled symbols denote knocking 
conditions. 
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6.5.3 Heat Release Analysis 
To evaluate the effects of injection region and number of injections on combustion 
characteristics, the heat release rate (RoHR) for each case are shown in Figure 6.7. Each rate of 
heat release curve is a time-history selected from a non-knocking condition with combustion 
phasing (CA50) of 19.5 CAD with a 0.6 standard deviation (± 0.8 variance), and the curves are 
averaged heat release values of the 200 cycles. Panels (a) to (c) of Figure 6.7 show the effect of 
injection region on heat release rate. All three cases show the initial slope of ‘Region I + II’ is 
higher than the initial slope of ‘Region I’, and the decrease in the heat release rate after the 
maximum RoHR occurs earlier for ‘Region I + II’ compared with ‘Region I’. Additionally, the 
peak heat release rates for the ‘Region I + II’ cases are lower than for the ‘Region I’ injection 
cases. The difference decreases with an increasing number of injections. Because of these 
differences in RoHR, the burn duration (CA1090) of ‘Region I + II’ should be longer than for the 
‘Region I’, as the results in Figure 6.6 showed.  
Figure 6.7 (d) and (e) compare the effects of the number of injections on heat release rate. 
As with the comparison of the effects of injection region, more injections attenuate the changes 
in the heat release rates and lower the peak heat release rates. One additional noteworthy 
observation is that the ‘Region I’ injection in Figure 6.7 (d) shows higher peak RoHR occurs 
later than with ‘Region I + II’ injection data shown in Figure 6.7 (e). It could be inferred that the 
mixture formation characteristics are differentiated by the activation of the closed intake valve 
injection. When the closed intake valve injection is activated, higher local fuel-to-air equivalence 
ratio or increased turbulent flow could be generated near the spark plug, compared with the case 
with only an injection in the open intake valve region. Considering the almost identical gross 
indicated mean effective pressures (IMEPg) for all six cases and the significantly extended 
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knock limits for the ‘Region I + II’ injection cases, both the lowered cylinder temperature and 
improved mixture flow induced by the last injection likely influenced the flame development 




Figure 6.7 Comparison of heat release rate for cycles with the same combustion phasing. 
 
 
6.5.4 Combustion Efficiency 
Combustion efficiency was calculated for the six cases using Equation 6.4 [7]. The 
calculation was based on the measurements of the mole fractions of the engine exhaust gas 
species CO, THC, and H2 shown as xi in Equation 6.4. The particulate emissions were relatively 
low, so they were excluded from the calculation, and the hydrogen species were calculated using 
the unburned hydrocarbon and carbon monoxide values. 
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Figure 6.8 presents the results for combustion efficiency as a function of phasing for all 
the injection strategies studied. The differences between the lowest and highest values were 
relatively small (less than 1%) for identical combustion phasing, but the ‘Region I + II’ injection 
cases generally showed lower combustion efficiency compared with ‘Region I’ injections. This 
could be due to slightly increased stratification level with a late injection under global 
stoichiometric conditions. The trend agrees with the multi-cylinder engine experiments using 
E85 fuel conducted by Singh et al. [127], and the lower of combustion efficiency with E10 fuel 
compared with higher ethanol percentage blends with gasoline. For the comparisons of the 
number of injections in the ‘Region I’, the double- and quadruple-injection cases showed slightly 
lower combustion efficiency than the single-injection baseline. Some studies reported better 
combustion efficiency with multiple injections [127,141], but this study showed slightly 
decreased trends for the intake-stroke injection cases. A possible reason for the slightly lower 
combustion efficiency seen in the present work is the longer dwell time between the first and 




Figure 6.8 Combustion efficiency as a function of combustion phasing (CA50) for the different 
injection strategies. 
 
6.5.5 Thermal Efficiency and Combustion Stability 
The gross indicated thermal efficiency (ITEg) was calculated using Equation 6.5 and 
plotted in Figure 6.9. Overall, the thermal efficiencies for the six cases were almost identical, and 
the small differences were within the uncertainty limits. A distinct efficiency improvement from 
extending the knock limit is seen in the ‘Region II’ activation cases of the top three panels, and 
the amount of efficiency improvement was highest with the single injection case (0.7% 
improvement based on absolute value), followed by double injection (0.4%), and quadruple 
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injection (0.1%). The increased efficiency, however, was also within the uncertainty range, 
indicating the effects of multiple injection on efficiency is possible, but not significant. The 
lower two panels in Figure 6.9 compare the number of injections. Double and quadruple 
injection strategies extended the knock-limited phasing by around 1 CAD, and the trends were 
the same as for the different regions of injection.  
 






The effects of the injection strategies on the combustion stability indicated by the 
coefficient of variation of gross indicated mean effective pressure (CoV of IMEPg) is shown in 
Figure 6.10. The combustion stability followed almost identical trends as the thermal efficiency. 




Figure 6.9 Comparisons of gross indicated thermal efficiency (ITEg) for the different injection 
strategies as function of combustion phasing. 
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Figure 6.10 Combustion Stability (CoV of IMEPg) comparisons as a function of combustion 
phasing. 
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6.6 Gaseous Emissions 
6.6.1 Nitrogen Oxides (NOx) Emissions 
The engine-out emissions of nitrogen oxides (NOx) are presented in Figure 6.11 as a 
function of combustion phasing on an indicated specific basis. The effects of the number of 
injections clearly shows reduced NOx emissions for the double and quadruple injections 
compared with the baseline single injection in ‘Region I’. The quadruple injection strategy led to 
slightly higher NOx emissions than the double injection strategy, similar to the trends observed 
for knocking. The ‘Region I + II’ injection cases (dashed lines) showed the same trends as the 
‘Region I’ injection results. The effects of injection region yielded a greater NOx emissions 
reduction than the effects of the number of injection events. NOx emissions were reduced by 




Figure 6.11 Effects of different injection strategies on NOx emissions as a function of 
combustion phasing. The red open and filled symbols denote knocking conditions. 
 
The possible reasons for the effects of multiple injections on nitrogen oxides emissions 
could be due to reduced in-cylinder temperatures or changes in mixture stratification. The level 
of nitrogen oxides emissions is highly correlated with peak in-cylinder temperature [35,36,156], 
and injection in ‘Region II’ during the compressions stroke maximizes charge cooling. To 
understand the temperature differences between injecting in ‘Region I’ and ‘Region I + II’, 
calculated in-cylinder temperature profiles are plotted in Figures 6.12 and 6.13. Double and 
quadruple injections under the same spark timing at 24 bTDC are compared for both injection 
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regions. Figure 6.12 shows the starting point of the temperature difference near the compression 
stroke injection timing (100 bTDC). Before injecting the fuel in the “Region II’, the temperatures 




Figure 6.12 Calculated in-cylinder temperature for double and quadruple injection cases near the 
‘Region II’ injection timing (100 bTDC) 
 
Figure 6.13 (a) and (b) show the calculated temperature profiles near TDC and the peak 
temperature region. The temperature differences between ‘Region I’ and ‘Region I + II’ injection 
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are increased by more than 10 K near TDC, and reach a maximum of around 65 K based on the 
peak cylinder temperature. The peak cylinder temperature for double injection is slightly higher 
than for quadruple injection, which could be because the combustion phasing is a bit retarded for 
the quadruple injection cases, even though the spark timing is identical for both injection regions. 
The temperature estimates indicate the differences in NOx emissions between the double and 
quadruple injection cases cannot be explained entirely by changes in for the different injection 
regions. The temperature differences are relatively small, and the changes are in the opposite 
direction with respect to the observed changes in the NOx emissions. So, charge cooling effects 
alone do not explain the decrease in nitrogen oxide emissions. 
Lavoie et al. [36,157] studied engine-out nitric oxide emissions under lean and rich 
conditions with an extended kinetic mechanism, and the findings were applied to develop 
strategies to reduce NOx emissions, such as stratified charge engine operation [158]. Because 
NO formation is maximized near stoichiometric conditions, when locally rich and lean zones are 
formed through mixture stratification, the overall nitric oxide emissions are significantly reduced 
even when the global fuel-to-air equivalence ratio remains stoichiometric. So, the nitrogen 
oxides emissions of double and quadruple injection cases may be reduced through higher 
stratification levels compared with baseline single injection. In addition, higher nitrogen oxides 
emissions for quadruple injection could be due to reduced stratification by splitting the double 
injections into four injections with the same center of injection and not providing enough dwell 






Figure 6.13 Calculated in-cylinder temperature for double and quadruple injection cases: (a) near 
spark timing and TDC, (b) near the peak temperature after CA50. 
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6.6.2 Unburned Total Hydrocarbon (THC) Emissions 
The measured unburned total hydrocarbon (THC) emissions are presented in Figure 6.14 
as a function of combustion phasing. The originally measured values were obtained on a ppm C1 
scale and the values were converted to indicated specific basis. Like the NOx emissions, the total 
unburned hydrocarbon results were also significantly reduced by multiple injection events, and 
the trends were similar except for the order of the quadruple- and double-injections. The 
injection region was a dominant factor for nitrogen oxides reduction, but both the injection 
region and number of injections were effective at reducing the THC emissions. THC emissions 
are generally affected by flame quenching, fuel filling the crevice volume, fuel absorption into 
oil layers, incomplete combustions, and so on [7]. The general conditions and global air-to-fuel 
equivalence ratios were the same for all experiments, so the reasons for the reduced unburned 
hydrocarbon emissions are likely due to reduced fuel spray impingement on the combustion 




Figure 6.14 Effects of different injection strategies on total unburned hydrocarbon (THC) 
emissions as a function of combustion phasing. The red open and filled symbols denote knocking 
conditions. 
 
6.6.3 Carbon Monoxide (CO) Emissions 
The engine-out carbon monoxide (CO) emission results are shown in Figure 6.15 as a 
function of combustion phasing. Unlike the NOx and THC emissions, the CO emissions 
increased with multiple injections. Carbon monoxide emissions are primarily controlled by the 
global and local fuel-to-air equivalence ratio. Considering the increased stratification created by 
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multiple injections, the increased carbon monoxide results are reasonable. The trade-off between 





Figure 6.15 Effects of different injection strategies on carbon monoxide (CO) emissions as a 
function of combustion phasing. The red open and filled symbols denote knocking conditions. 
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6.7 Particulate Matter Emissions 
As introduced in the literature review, several experimental studies have shown that 
multiple injection reduces the particulate matter emissions, but an in depth understanding of the 
impact of multiple injections on the size distributions and numbers remains to be developed. So, 
this section deals with the effect of multiple injections on the particulate number and size 
distribution on the two bases of comparisons of multiple injection impacts: number of injections 
and injection region. 
 
6.7.1 Total Particulate Number Emissions 
The total particle number (PN) emissions in the nuclei and accumulation modes include 
particle size/diameters in the range from 5 nm to 1000 nm (= 1 µm) [37,160]. Figure 6.16 shows 
the total PN results for all six injection cases as a function of combustion phasing. Total PN 
under non-knocking conditions showed similar trends regardless of the combustion phasing, but 
the total PN increased significantly after the onset of knock with similar rate of increase for the 
different strategies. This trend agrees with previous knocking research [67] and the possible 
reasons could be locally fuel rich regions induced by increased heat transfer or flame quenching 
near the wall and piston [161–164], knock induced detonation waves near the end-gas [165], and 
so on. Additional analyses of the relationship between knock and particulate matter are discussed 




Figure 6.16 Effects of different injection strategies on total PN emissions as a function of a) 
combustion phasing and b) fixed combustion phasing. The red open and filled symbols denote 
knocking conditions. 
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In order to compare the PN data from the multiple injection cases, total PN emissions at 
the same combustion phasing points (CA50 near 19.5 CAD, i.e., knock-limited point of the 
baseline) are presented in detail in Figure 6.16. The first three cases are ‘Region I’ injection and 
the last three cases are ‘Region I + II’ injection with one third of the fuel mass injected in the 
compression stroke. Results for both injection regions show significantly reduced total PN with 
increasing number of injections, and the level of the PN reduction is around half with each 
additional injection. The magnitude of PN emissions reduction agrees with the results for single 
and double injection conducted by He et al. [151]. The last three cases in the ‘Region I + II’ 
region showed the same trends as the ‘Region I’ injection. The two plus one injection (i.e., three 
injections) results were approximately half the one plus one injection (i.e., two injections), and 
the four plus one injection (i.e., five injections) were about a quarter of the triple injection 
results. The total PN did not seem to be affected by the injection region, with comparable total 
PN for ‘Region I’ and ‘Region I + II’. In summary, the total PN consistently decreased as the 
number of injections increased, regardless of the region. 
6.7.2 Mode Separation of Particulate Emissions 
The size distribution of the particulate emissions of six selected cases are plotted in 
Figure 6.17 as a function of the particle size (Dp), and the horizontal axis has been converted to 
log scale for better legibility. Engine-out particulate matter results typically show bimodal size 
distributions. The smallest group of particulates by size (sub-23 nm particles), referred to as 
nucleation (nuclei) mode particles, is generally comprised of volatile organics (unburned 
hydrocarbons) and liquid droplets, and the larger particles with diameters between 23 nm and 
1000 nm, called accumulation mode particles, are generally soot aggregates [37]. Bimodal 
180 
distributions are not very clear in Figure 6.17, especially for the high number of injection cases, 
possibly due to the higher number of nucleation mode particles. The size distribution trends were 
almost identical for all six injection cases.  
 
Figure 6.17 Particulate matter emissions size distribution 
 
The number of nucleation and accumulation mode particles, where the mode separation 
was set as the number of particles smaller than and greater than 23 nm, are plotted in Figure 
6.18. The blue column is the total number of nucleation mode particles (i.e., < 23 nm), and the 
red column is the total number of accumulation mode particles (i.e., > 23 nm). Comparing the 
data with the single injection baseline case, the nucleation mode particles were around 2.5 times 
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accumulation mode numbers increased with more injection events in comparison with the 
baseline single injection. Seong et al. [166,167] experimentally studied the effects of injection 
timing on the particulate number emissions for two modes using transmission electron 
microscopy (TEM) imaging. They found retarded injection timing produced more sub 23 nm 
nucleation mode particles; consistent with the observations in this work for the two modes, and 
the differences are greater in the ‘Region I + II’ injection cases.  
 
 
Figure 6.18 Particulate number with mode separation 
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6.8 Summary and Conclusion 
The effects of multiple injections on knock limits and gaseous and particulate matter emissions 
were experimentally explored with regard to two key parameters: the number of injections and 
the injection timing and region. The following conclusions are derived from the experimental 
results and analyses:    
 
(1) Engine Performance and Knock 
• Multiple injections were effective at extending the knock limit. In particular, both the 
number of injections and the injection region were effective for achieving knock limit 
extension, but the effect of the injection region (when using compression stroke injection) 
was more significant than increasing the number of injections due to the maximized charge 
cooling effect. 
• Burn duration was extended with compression stroke injection, possibly due to decreased in-
cylinder temperature and uneven flow field characteristics induced by the charge 
stratification.  
• Multiple injections gradually decreased the peak heat release rate, and the injection region 
was more effective than the number of injections on reducing peak heat release rate. 
• Combustion efficiency was slightly reduced by compression stroke injection.  
• Multiple injections marginally improved thermal efficiency mainly due to the knock limit 
extension, but the increase was within the uncertainty range of the measurements.   




(2) Gaseous Emissions 
• Nitrogen oxides emissions were significantly reduced with multiple injections, and the 
effects of the injection region were more significant than the effects of the number of 
injections. The decrease was likely due to increased charge stratification and charge cooling 
effect.  
• Unburned hydrocarbon emissions were significantly reduced with multiple injections, and 
both the injection region and the number of injections were effective for reducing unburned 
hydrocarbon emissions.  
• Carbon monoxide emissions increased with multiple injections. This could be due to 
increased charge stratification. 
(3) Particulate Matter Emissions 
• Particulate number emissions were significantly reduced with multiple injections. The 
decrease was monotonic with the number of fuel injections, and the particulate number 
emissions decreased by half with each additional injection.  
• Particulate number emissions showed no significant sensitivity to the injection region. 
• The number of nucleation mode particles was higher than the number of accumulation mode 





          Chapter 7  
 
 
Knock, as a Source of Particulate Matter Emissions in SI Engines: 
Phenomenological Analyses and Conceptual Models 
 
7.1 Preface 
This chapter is an exploratory study about the relationship between knocking and 
particulate matter emissions and a phenomenological analysis of this relationship. The 
phenomenological analyses are described first, and the understanding of this relationship is 
discussed via three conceptual models compared with the experimental results.  
The present study focuses on the understanding of a newly observed relationship between 
knocking and particulate matter emissions in spark ignition engines. In general, particulate 
matter emissions rapidly increase after the onset of knock with advancing the spark timing, and 
the increased amount of particulate matter emissions are proportionate to the knock intensity. 
This phenomenon is a novel observation, and there is very limited understanding of this 
phenomenon and this relationship. So, phenomenological analyses are introduced using several 
experimental data, and three theories are proposed to explain this phenomenon along via 
conceptual models. The three suggested theories are as follows:  
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Theory 1. Ring Crevice Mechanism  
Theory 2. Insufficient Mixing Mechanism  
Theory 3. Shock Wave Mechanism 
7.2 Introduction and Background 
As discussed in Chapters 3, 5, and 6 regarding particulate matter emissions, an interesting 
phenomenon about the relationship between knocking and particulate numbers is observed in 
these experiments. Figures 7.1 to 7.3 present a summary of the results that demonstrate this 
relationship, which are plotted by total number of particulate matter emissions as a function of 
combustion phasing (CA50). All three experiments are conducted with the same engine but 
while operating on different types of fuels or with different types of fuel injection strategies. 
Figure 7.1 is from operation in port fuel injection mode using four different oxygenated fuel 
blends in gasoline. The particulate numbers are similar or slightly increased with advancing 
combustion phasing (empty symbol) but increased right after the onset of knock (filled symbol). 
Figure 7.2 is from operation in direct injection mode and dual injection mode under different 
levels of EGR dilution, and all data shows the same trend as seen in Figure 7.1.  Figure 7.3 is 
also from operation in direct injection mode, but with multiple fuel injection strategy (up to 5 
injections per cycle). The results of this work also clearly show a dramatic increase of soot 
formation which begins when knock occurs and is approximately proportional to the knock 
intensity.  
This phenomenon is obvious based on the repeated experiments as shown in previous 
chapters, but, to date, there is no sound analysis for this phenomenon in the literature.  
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Figure 7.1 Total particulate number of four different fuel sets as a function of combustion 
phasing. The filled symbols denote knocking conditions. (1500 rpm, 1.4 bar boosted condition, 
same data as Figure 3.18) 
 
Figure 7.2 Total particulate number of different fueling strategies and EGR dilutions as a 
function of combustion phasing. Total PN increase after the onset of knocking. (1500 rpm, 1.25 
bar boosted condition, same data as Figure 6.16) 
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Figure 7.3 Total particulate number of various number of injections as a function of combustion 
phasing. The red open and filled symbols denote knocking conditions. (1500 rpm, 1.2 bar 
boosted conditions, same data as Figure 6.16 (a).) 
Even though these particulate number results show similar trends, it could be a specific 
phenomenon caused by a certain characteristics of this boosted Hydra engine, so the same 
experiments were conducted using a multi-cylinder engine as well. Figure 7.4 shows the 
particulate number result of a 4-cylinder Ford 1.6L Eco-boost engine using direct injection near 
knock limited combustion phasing. As Figure 7.4 clearly shows, the particulate number near 16° 
bTDC spark timing, particulate number emissions are dramatically increased after the onset of 
knock. In addition, the particulate matter sampling location could be a reason for this 
phenomenon, so, the sampling port was changed from the exhaust runner to the exhaust plenum 
in the boosted Hydra engine facility. But the results showed exactly the same trend as the 
previous experiments.  
Based on these experimental results, it looks obvious that knock promotes particulate 
matter emissions, and there appears to be a relationship between knock intensity and particulate 
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number emissions. Therefore, an experiment is conducted to better understand this phenomenon 
in this chapter.       
 
Figure 7.4 Particulate number emissions from 1.6 L Ford Eco-boost engine as a function of spark 
timing. Total PN increase after the onset of knocking. (Condition: 1500 rpm, 11.0 bar of IMEPn) 
 
7.3 Soot Formation in Internal Combustion Engines 
Prior to describing the experimental setup and results, some background on soot 
formation in internal combustion engines is summarized here for a better understanding of the 
phenomenon of soot formation leading to the proposed conceptual model. 
7.3.1 In-cylinder Local Rich Zone 
The formation of soot is a complex process, not entirely understood. However, several 
key processes have been identified in the past decades that contribute to the process of soot 
formation, such as locally rich zones (ϕ > 2), moderate temperatures (~ 1700 K) which 
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encourage pyrolysis, particle nucleation and growth, followed by condensation and 
agglomeration [7]. If enough oxygen becomes available due to subsequent mixing with leaner 
parts of the charge, oxidation of the soot particles will occur. Figure 7.5 shows a schematic of the 
soot formation process from gas phase fuel to solid particles [168]. The evolution from liquid- or 
vapor-phase hydrocarbons to solid soot particles and possibly back to gas-phase products 
involves six commonly identified processes: pyrolysis, nucleation, coalescence, surface growth, 
agglomeration, and oxidation. This process, however, is only under fuel rich conditions, 
especially in the surface growth step, or most of soot precursors are burnt with enough oxygen 
unless the time for oxidation is too short. The local rich zone concept is also described in the 
studies from Kamimoto et al. [169] and Akihama et al. [170], which is shown in Figure 7.6. As 
shown by the presence of the soot island surrounded by the soot limit, soot is only produced in 
the locally rich (ϕ > 2) conditions and under certain temperature conditions. According to this 




Figure 7.5 Schematic diagram of the steps in the soot formation process from gas phase to solid 
agglomerated particles [168] 
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Figure 7.6 Fuel to air equivalence ratio (ϕ) and temperature map for soot and nitrogen oxides 
(NOx) emissions [169,170]. 
 
7.3.2 Fuel Impingement and Pool Fires 
From the viewpoint of the spark ignition engine, the locally rich zone is mostly formed 
under two conditions, which are fuel impingement on the cylinder walls or the piston crown, and 
pool fires. Fatouraie et al. [171,172] in direct injection, optical engines observed such 
impingement, which resulted in visible pool fires at the edge of the piston near the cylinder 
walls, clearly indicating the formation of particulates. Wooldridge et al., [173] also in an optical 
engine observed pool fires as well as the associated particulates as revealed by laser scattering 
images. This agrees with the basic soot formation processes noted above. So, these phenomena 
could be helpful to understand the relation between knock and soot emissions.   
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7.4 Phenomenon Investigation: Knock and Particulate Matter Emissions 
7.4.1 Experimental Design  
In order to experimentally validate the relationship between knock and particulate matter 
emissions, an experiment is conducted with two main variables: knocking and a locally rich 
zone. To control the knocking, intake temperature is varied by three different conditions, and the 
locally rich zone is controlled by two coolant temperatures. As described in Table 7.1, the intake 
temperature is divided into 30, 60, and 90°C, and the coolant temperature is set to a normal 
(85°C) and cold (70°C) temperature. The mechanism to control the locally rich zone is described 
in Figure 7.7, which is similar to high particulate matter emissions under cold starting conditions.  
 
 
Table 7.1 Engine experimental conditions 
Variables 
Knocking 
Tint = 30°C Tint = 60°C Tint = 90°C 
Rich 
Zone 
Tcoolant = 85°C ● ● ● 




Figure 7.7 A schematic of local rich zone formation by coolant temperature. 
 
7.4.2 Combustion Phasing and Knock Intensity 
Figure 7.8 shows knock intensity as a function of combustion phasing for all conditions. 
Figure 7.8 (a) is the comparison of three intake temperature conditions under normal coolant 
condition. As expected, the knock limited combustion phasing is moved to a late phasing with 
increasing intake temperature, and amount of retard varies is consistently. Figure 7.8 (b) depicts 
the same intake temperature but low coolant temperature. The knock limited combustion is 













































































  [Pint = 1.2 bar] Spark Sweep
  Tint 30C, Tcool 70C
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  Knock Threshold (0.42 bar)
Knock Region
    ( > 0.42 bar)
 
Figure 7.8 Knock intensity of three intake temperature conditions (30, 60, and 90°C) as a 
function of combustion phasing: (a) Tcool = 85°C; (b) Tcool = 70°C. The red symbols denote 
knocking conditions. 
7.4.3 Combustion Phasing and Particulate Matter Emissions 
Figure 7.9 is the accumulation mode particulate number as a function of combustion 
phasing. As expected, the particulate number emissions are dramatically increased after the onset 
of knock for both coolant temperature cases. The lower local rich zone condition in Figure 7.9 
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(a) shows very low particulate matter emissions under non-knocking conditions, and the higher 
local rich zone condition in Figure 7.9 (b) shows higher particulate matter emissions under non-
knocking condition compared to the high coolant temperature case. But, the particulate matter 
emissions for the higher local rich zone are affected by the intake temperature, as well. For a 
better comparison, the differences between different coolant temperatures are shown in Figure 
7.10. 
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  [Pint = 1.2 bar] Spark Sweep  
  Tint = 30C, Tcool = 70C 
  Tint = 60C, Tcool = 70C
  Tint = 90C, Tcool = 70C
 
Figure 7.9 Accumulation mode particulate number of three intake temperature conditions (30, 
60, and 90°C) as a function of combustion phasing: (a) Tcool = 85°C; (b) Tcool = 70°C. The red 
symbols denote knocking conditions. 
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  [Pint = 1.2 bar] Spark Sweep  
  Tint = 30C, Tcool = 70C 
  Tint = 60C, Tcool = 70C
  Tint = 90C, Tcool = 70C
 
Figure 7.10 Accumulation mode particulate number differences by two temperature effects: (a), 
(b), and (c) Coolant temperature effect; (d) Intake temperature effect. The red symbols denote 
knocking conditions. 
Figure 7.10 (a) to (c) shows the coolant temperature difference under the same intake 
temperature. When the intake temperature is lower, the particulate matter emissions differences 
under non-knocking condition are higher, and the differences are gradually going down. It can be 
inferred that the in-cylinder temperature, which is differentiated by intake temperature, also 
affects the area of local rich zone. Figure 7.10 (d) describes the effect of intake temperature on 
the particulate matter emissions induced by the area of the locally rich zone. The amount of 
particulate matter decrease is proportional to the intake temperature.  

































  [Pint = 1.2 bar] Spark Sweep  
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7.4.4 Relation between Knock Intensity and Particulate Matter Emissions 
Figure 7.11 shows the relationship between the knock intensity and particulate matter 
emissions, which is a combined graph of the vertical axes in Figures 7.9 and 7.10. As both 
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Figure 7.11 Accumulation mode particulate number of three intake temperature conditions (30, 
60, and 90°C) as a function of knock intensity in a log scale: (a) Tcool = 85°C; (b) Tcool = 70°C. 
The red symbols denote knocking conditions. 
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7.5 Understanding: Theories and Conceptual Models 
In summary of the soot formation under locally rich zones and from the experimental 
results presented here, three theories are suggested for a better understanding of the phenomenon 
using conceptual models.  
 
7.5.1 Theory 1. Ring Crevice Mechanism  
The sharp increase in particulate emissions with increasing knock intensity described 
above suggests that the knock event augments the local evaporation process through pressure and 
local flow oscillations, thus increasing the amount and number of rich pockets near the edge of 
the cylinder wall. This is consistent with the fact that knock is known to increase heat transfer 
[161,164,174]. Figure 7.12 depicts the general process of the knocking cycle near the edge of the 
combustion chamber, from left to right figures, by the time sequence. In general, a thin layer of 
hydrocarbon and oil is stuck on the cylinder wall in all cycles, and the end-gas auto-ignition 
creates pressure oscillations. Pressure oscillations induce rapid flow in and out of the top land 
regions thus releasing additional stored liquid fuel or oil as the second schematic shows. Since 
knock generally occurs late in the cycle, it will originate near the edge of the cylinder and 
produce local flow effects that may be more severe than suggested by pressure oscillations 
measured by a single pressure transducer. The spread-out small hydrocarbon droplets will 
undergo pyrolysis in the chamber, but the area near the droplet is locally fuel rich condition, so 
the debris might end up being a soot chunk as described in the last figure.      
When viewed from above the engine piston, the cross-sectional view shown in Figure 
7.12 will occur only near the end-gas auto-ignition region. With the data observed in this 
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dissertation, the particulate matter emissions are proportional to the knock intensity. To interpret 
the relation between knock intensity and particulate matter, the region of end-gas auto-ignition 
can be drawn as shown in Figure 7.13. The cross-sectional line denoted by “(A – A’)” in Figure 
7.13 is the same as Figure 7.12. Thus, as increasing the knock intensity, the region of end-gas 
auto-ignition should be increased, and the cross-sectional area which is drawn with both arrows 
in Figure 7.13 should be increased as well. Following this ring crevice mechanism (Theory 1), 
































































Figure 7.13 Conceptual model of Ring Crevice Mechanism – knock intensity (Theory 1) 
 
7.5.2 Theory 2. Insufficient Mixing Mechanism  
The second theory is about the time allotted for mixing of air and fuel. In general, the fuel 
and air are rapidly mixed as soon as the fuel is injected, but it will need a certain amount of time 
to be mixed sufficiently (ϕ < 2), regardless of the injection type, either direct injection or port 
fuel injection. Figure 7.14 depicts the mixing status of the fuel and air as a function of time. Two 
parabolic lines denote the fuel (rich – above stoichiometric line ϕ = 1) and air (lean – below ϕ = 
1) side mixture, and two lines are gradually converging as the mixing time progresses. The 
yellow area above the soot threshold (ϕ = 2) stands for the portion of locally rich zones (ϕ > 2) 
which generally contribute to formation of particular matter. The normal non-knocking 
combustion with lower particulate matter emissions is expressed by the dashed green line and an 
arrow, and the abnormal combustion (i.e., knocking) is indicated by the dashed red lines. When 
knock occurs, the mixing time is gradually shortened because of the increased auto-ignited 
regions and the random location of auto-ignition. With increasing knock intensity, such as from 




mild to heavy knock, locally rich zones are gradually increased as shown in the yellow area 
above the soot threshold.  
 
Figure 7.14 Conceptual graph of Insufficient Mixing Mechanism (Theory 2) 
 
To better understand the variation of fuel-to-air equivalence ratio in Figure 7.14, 
conceptual graphs of air-to-fuel equivalence ratio distributions at three points in this time 
sequence (i.e., ⓐ, ⓑ, and ⓒ) are shown in Figure 7.15. The time sequence points in Figure 7.14 
are (a) initial stage, (b) intermediate stage, and (c) last stage of fuel-air mixing. The initial stage 
graph in Figure 7.15 (a) is at the time of fuel injection for direct injection (DI). As soon as fuel is 
injected into the cylinder, fuel-to-air equivalence ratios on each side will be concentrated toward 
0 for the air side and high (ϕ >> 2) for the fuel side. The dashed line in Figure 7.15. (a) is the port 
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sharp than in the DI case. As the mixing progresses, areas of high fuel-to-air equivalence ratios 
are moving toward stoichiometric state as shown in Figure 7.15 (b). At the last stage of the 
mixing near the normal combustion (i.e., non-knocking condition) in Figure 7.15 (c), the fuel-to-
air equivalence ratio have shifted closer to 1.0 as mixing drives the change to be more 
homogeneous.   
    
 
Figure 7.15 Conceptual graph of air-to-fuel equivalence ratio distribution by the mixing stages in 
Figure 7.14: a) Initial stage, b) Intermediate stage, and c) Last stage of mixing.  
ϕ1 20 3 …
 Initial stage: Fuel Injection (PFI case: Air/Fuel Mixture entrainment)
(PFI case)
DI case
Fuel side: RichAir side: Lean
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ϕ1 20 3 …
 Intermediate stage of mixing
Fuel side: RichAir side: Lean
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7.5.3 Theory 3. Shock Wave Mechanism  
It is known that the amount of soot formation is higher under high pressure conditions, 
even under the same fuel to air equivalence ratio and temperature. Figure 7.16 describes shock-
tube soot formation results for iso-octane under different pressure conditions [175]. All 
conditions are maintained the same, except for pressure, and the results show that high pressure 
leads to a high soot yield. From this effect of pressure on soot yields, the relationship between 
knock intensity and particulate matter emissions could be understood. Figure 7.17 shows the 
detonation region with locally high pressure based on knock intensity. Assuming that all 
conditions are identical except combustion phasing, the knocking cycle accompanied by 
detonation will make a higher pressure than a non-knocking cycle. Thus, the shock wave induced 
detonation region will lead to more particulate matter emissions, and the detonation intensity 
could be proportional to the increase in the particulate matter emissions.    
 
 
             (a)                                                                   (b) 
Figure 7.16 (a) Influence of pressure on n-heptane soot yield demonstrated for pressures of 20, 
40 and 80 bar at [C] = 5.8 mol/m3; (b) Soot yield over temperature at constant Ar-concentration 
of 99% and varied pressures of 30,40 and 50 bar [175] 
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Figure 7.17 Conceptual model of Shock Wave Mechanism - Local high-pressure region (Theory 
3) 
 
7.6 Conclusion and Summary 
This chapter conducted an exploratory study about the understanding of a newly observed 
relationship between knocking and particulate matter emissions. The phenomenon is that 
particulate matter emissions rapidly increase after the onset of knock with advancing the spark 
timing, and the increased amount of particulate matter emissions are linear to the knock intensity. 
The results can be divided into two major sections: (1) Phenomenological investigation and (2) 
Phenomenon understanding with conceptual models. 
   (1) Phenomenological investigation 
Engine experiments were conducted to separate the knocking effect on particulate matter 
emissions with varied intake temperature and coolant temperature. The results clearly showed 
that the knock plays a significant role to generate particulate matter emissions, and the knocking 
effects were even higher than the in-cylinder temperature effect (e.g., cold start condition).  




   (2) Phenomenon understanding: Conceptual models  
To understand the relationship between knocking and particulate matter emissions, three 
conceptual models were suggested based on the experimental analyses and soot formation 
process in internal combustion engines. The three suggested theories are as follows:  
 Theory 1. Ring Crevice Mechanism  
 : augmented release of hydrocarbons from the ring crevice. (Figure 7.12 and Figure 7.13) 
 Theory 2. Insufficient Mixing Mechanism  
 : increased local rich zones. (Figure 7.14 and Figure 7.15) 
 Theory 3. Shock Wave Mechanism  
 : increased chemical soot production due to pressure increase. (Figure 7.16 and Figure 7.17) 
There is very limited understanding of this phenomenon and relationship, so it is 
anticipated that this finding will be useful in the engine research fields. Further investigations for 
the conceptual model validations will be helpful for future work.    
1) Ring crevice mechanism (augmented release of hydrocarbons from the ring crevice) 
2) Insufficient mixing mechanism (knocking induced increased local rich zone) 





          Chapter 8  
 
 
Conclusions and Recommendations for Future Work 
8.1 Conclusions and Contributions 
This dissertation has explored various knock mitigation strategies focusing on fuel 
characteristics, mixture dilution, and injection strategies for improving efficiency and emissions, 
and an exploratory study of a novel observation about the relationship between knocking and 
particulate matter emissions in spark ignition engines. The conclusions and original contributions 
of the dissertation are summarized as follows. 
In Chapter 3, combustion characteristics of three oxygenated fuel (2,5-dimethylfuran, 
ethanol, and isobutanol) gasoline blends were studied along with different blending ratios and 
boosting levels. Knock limited combustion phasing, burn duration, and particulate matter 
emissions results were compared by blend ratio and at 20 volume percent fuel blends, and 
general engine combustion results such as thermal efficiency, combustion stability, and gaseous 
emissions were explored as well. The results showed that the effect of 2,5-dimethylfuran 
addition on knock limit extension is similar to the effect of ethanol addition, and the effect is 
stronger with increasing boost level. The total particle number emission and particle size 
distribution of the particulate matter emissions gradually decreased with increasing oxygenated 
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fuel blend level, and the order was same as the order of knock limit extension. However, 2,5-
dimethylfuran addition generally yields a wider soot distribution compared to the alcohol group 
fuels. This study provides valuable insights for the utilization of oxygenated fuels as gasoline 
additives, especially for the novel oxygenated fuel candidate, 2,5-dimethylfuran. The novelty of 
this fuel study is unraveling the anti-knock effect and particulate matter emissions characteristics 
of 2,5-dimethylfuran and the detailed comparison with two important alcohol group fuels.  
In Chapter 4, the impact of syngas (hydrogen and carbon monoxide) addition on engine 
combustion and knock was experimentally investigated with an intensive comparison between 
EGR dilution and lean conditions. The amount of syngas was controlled on an energy basis, from 
0% to 15%, to compare the difference between EGR and air dilution. Knocking tendencies with 
respect to the frequency, combustion phasing, and burn duration were analyzed based on 
observed engine knock. Also, the thermal efficiency and emissions differences were discussed in 
detail. The results showed that with increasing the syngas addition, knocking is significantly 
suppressed, and the effect was more beneficial with EGR dilution than with air dilution. Since 
the use of syngas to support engine combustion is of increasing interest in the advanced spark 
ignition engine field due to rapidly developing fuel reformation technology, precise engine 
combustion guidelines are needed, especially for knock resistance and dilution tolerance. In this 
respect, this study offers important insights for the operation of syngas aided combustion, 
especially for the highly diluted advanced spark ignition engines.  
In Chapter 5, a unique fuel injection concept, dual fuel injection using both a direct 
injector (DI) and a port fuel injector (PFI), was experimentally explored with regard to the knock 
and EGR dilution limit extension. Thermal efficiency benefit analysis between EGR dilution and 
knock limit extension was studied in detail, as well. A baseline for comparison with dual 
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injection results was made using direct injection fueling only. A splash blended E20 fuel was 
used for the direct injection only tests, and for the dual fuel injection tests, 80 volume percent of 
gasoline was injected using DI, and 20 volume percent of ethanol was injected using PFI. EGR 
mass fraction was varied from 0 to 21 percent in increments of 7 percent. The results showed that 
dual injection was beneficial to shorten the burn duration and improve combustion stability but 
was slightly more sensitive to knock than direct injection, due to increased unburned gas 
temperature. The particulate matter emissions from dual fuel injection showed improved results 
compared to direct injection only, and the gaseous emissions showed lower unburned 
hydrocarbons and similar nitrogen oxides compared with direct injection only. In addition, the 
thermal efficiency benefit analysis results showed that the EGR dilution benefit was two times 
higher than the knock limit extension benefit. Based upon these results, it can be concluded that 
the dual fuel injection could be a good strategy for highly diluted spark ignition engines for 
improving combustion stability and particulate emissions. Also, the thermal efficiency benefit 
analysis result provides important insight for engine calibration and concept design fields for 
high efficiency vehicles.  
In Chapter 6, multiple injection strategies with a state-of-the-art piezoelectric hollow 
cone spray direct injector were investigated with respect to the effects on engine combustion 
characteristics and emissions. Two features of multiple injection strategies were experimentally 
investigated: the number of injections and the timing of injections. The results from 
thermodynamic process analyses confirmed that multiple injection maintains torque and 
combustion stability compared to single injection but extends the knock limit and thermal 
efficiency due to improved heat release phasing, especially with an additional late injection 
during the intake valve closed (compression stroke) period. The gaseous pollutant emissions, 
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including nitrogen oxides and unburned hydrocarbons, were significantly reduced with multiple 
injection, particularly with compression stroke injection. In contrast, carbon monoxide emissions 
were increased. Particulate matter emissions were not directly related to the injection period, but 
the number of injections significantly reduced particulate matter emissions. This study provides 
important visions for the development of future direct injection spark ignition strategies, 
especially with advanced fuel injectors. Also, the results contribute to the particulate matter 
reduction studies through optimized application of state-of-the-art fuel injectors.   
In Chapter 7, a novel understanding of a unique phenomenon, which is the relationship 
between knock and particulate matter emissions, was analyzed and explained with conceptual 
models for spark ignition engines. In general, particulate matter emissions are rapidly increased 
after the onset of knock in the process of spark advance, and the increased amount of particulate 
number emissions are linear to the knock intensity. This phenomenon was analyzed with 
experimental data under several knocking related conditions, and three theories were proposed 
along with conceptual models. The proposed theories were as follows:  
   1) Ring crevice mechanism (augmented release of hydrocarbons from the ring crevice) 
   2) Insufficient mixing mechanism (knocking induced increased local rich zone) 
   3) Shock wave mechanism (increased chemical soot production due to pressure increase) 
This phenomenon has not been revealed previously, and there is a minimal understanding of this 
phenomenon and relationship. Therefore, these suggested mechanisms and conceptual models 
are expected to have significant impacts on the field of engine combustion research.  
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8.2 Recommendations for Future Work 
The present dissertation focused on three major parameters, which are fuel properties, 
mixture dilution, and injection strategies, and a relationship between knocking and particulate 
matter emissions. Future work also could be concentrated on these parametric impacts and 
relationships.   
(1) Fuel properties: Two types (oxygenated fuels and syngas) of fuel studies conducted in 
the present dissertation provided a significant improvement on knock limit extension and 
emissions. As the knocking results for 2,5-dimethylfuran gasoline blends suggest under boosted 
condition, octane blending response studies of the furan functional group, which shows a highly 
non-linear trend, could have a significant impact on advanced fuel research. Besides, other fuel 
blends, beyond binary blends including ternary or higher-order blends, and optimization studies 
could also yield highly impactful new information. In addition, this dissertation explored 
particulate matter emissions from using alternative fuels. From the perspective of particulate 
matter emissions, studies of the PMIs (Particulate Matter Indices) [176,177] of fuels with furan 
functional groups will provide valuable insights for future work.  
(2) Mixture dilution: Two major dilution strategies were studied in this dissertation: EGR 
(stoichiometric) and air (lean) dilution. Recently, fuel impacts on advanced combustion modes 
including gasoline compression ignition (GCI) [178,179], spark assisted compression ignition 
(SACI) [180–183], reactivity controlled compression ignition (RCCI) [184–186], etc., have been 
actively being explored. These compression ignition modes also would benefit from the 
sophisticated study of dilution strategies as pursued in this dissertation. So, studies of these 
advanced engine mode studies informed by the results from this dissertation will have a 
considerable impact on the future fuel and engine combustion research. In addition, different 
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types of dilution such as water injection or water vapor dilution could also provide impactful 
insights.  
(3) Injection strategies: The dual fuel injection strategy studied in this dissertation 
provided dilution limit extension and reduction of particulate matter emissions. This information 
also could be applied in advanced spark ignited combustion modes, such as SACI concept under 
different load [187,188]. Furthermore, with direct injection, port fuel injection, and dual fuel 
injection, each mode has different advantages based on operating conditions, so optimization 
studies would be valuable that leverage each benefit using both injectors with respect to 
improving efficiency and particulate matter emissions. Another future study utilizing this 
injection concept is water injection using port fuel injectors. Many water injection studies are 
using custom made water injectors, but using commercial port fuel injectors for water injection 
could be a cost-effective injection strategy. So, optimization of port injection of water will be an 
interesting study for future engines. Also, studies of multiple fuel injections showed a 
considerable benefit for reducing particulate matter emissions. Water injection technology in 
spark ignition engine has a significant drawback for the particulate matter emissions, so the 
multiple injection combined with water injection studies could have a significant potential for 
future spark ignition engines enabling dramatic extension of knock limits.  
(4) Relationship between knocking and particulate matter emissions: The present research 
on the relationship between knock and particulate matter emissions is at an early stage. So, this 
study can be expanded in many ways, such as to consider the impact on particulate matter 
emissions using different fuels, dilution levels, novel fuel injection concepts, etc. Also, the three 
conceptual models in Chapter 7 could be validated through additional experiments. The first 
theory (Ring crevice mechanism) could be verified by gaseous fuel or carbon-free fuel (e.g., 
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hydrogen) engine knocking experiments to change the amount of hydrocarbons in the ring 
crevice. The second theory (Insufficient mixing mechanism) could be tested by temperature 
variation at fixed spark and injection timing to identify the mixing threshold. The third theory 
(Shock wave mechanism) could be verified by using an optically accessible engine under 






A. Data Processing (MATLAB Script for Knock Intensity Calculation: ‘KI 20’ and ‘KI 
peak to peak’) 
%% Knocking Intensity Calculator (KI20 KIp2p Calculator) - 2016.Aug. 
%   Contact info: Taehoon Han (taehoonh@umich.edu) 
%   This code is made for AL1122 Hydra SCRE. 
%   Filtering limit is 3500 Hz (High Pass Filter) 








%% I. Condition and iFile Loading  
  
% [1] rpm & case setup (!check everytime!) 
rpm = 1500; 
iFile_start_num = 0000; 
  
% [2] iFile setup (Expand for loop in case of multiple data processing) 
for iFn=1:1   % expand for multiple data 
iFile_number{iFn} = ['Data.',num2str(iFn+iFile_start_num-1)]; 
  
for i=1:length(iFile_number) 
    [~, b, ~, ~, ~] = iFileReadMat_v5(iFile_number{i}); 
% data(i).a = a; 
  data(i).b = b; 
% data(i).c = c; 
% data(i).d = d; 
% data(i).e = e; 
end  
  
%% II. Cylinder Pressure Extract 
  
% [x-axis] : CAD -> 7200 by 1 
Pcyl_x_axis = data(i).b(1,3).x_vek ; 
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% [y-axis] : Cyl Pressure -> 7200 by 200 
for i=1:length(iFile_number) 
    for j=1:200 
    Pcyl_200_raw(:,j) = data(i).b(1,3).daten(:,j) ; 
    end 
end 
  





%% III. Knocking Filtering (using FFT) 
  
[length,width] = size (Pcyl_200_raw) ; 
Pcyl_1_raw =Pcyl_200_raw;  % [bar] 
  
for k = 1:200 
     
    % (1) Using FFT algorithm in matlab for spectral analysis 
    Freq = 50*rpm;  % Frequency rpm to cps(Hz)  
    Pcyl_FFT(:,k) = fft(Pcyl_1_raw(:,k));   % Pcyl FFT result (Complex 
Number) 
    Pcyl_Length = 7200; % Data Length (mostly 7200) % 
=length(Pcyl_1_raw); 
    Pcyl_FFT_abs(:,k) = abs(Pcyl_FFT(:,k)/Pcyl_Length); % Abs of Pcyl 
FFT (Magnitude of Complex) 
    Pcyl_FFT_abs_half(:,k) = Pcyl_FFT_abs(1:Pcyl_Length/2+1);    % Half 
of Symmetric values. 
     
    % (2) Plot the Frequency Domain 
    FreqD_x_axis = Freq*(0:(Pcyl_Length/2))/Pcyl_Length; 
     
%     % Frequency Domain Plots 
%     figure (2) 
%     plot(FreqD_x_axis,Pcyl_FFT_abs_half,'b') 
%     title('Frequency Domain at 1500rpm') 
%     ylim([0,0.01]) 
%     xlim([0,Pcyl_Length*10/2]) 
%     xlabel('f[Hz]') 
%     ylabel('|S(f)|') 
%     hold on 
         
    % (3) High Pass Filter using Chebyshev2 function.  
        [z,p,kn] = cheby2(50,80,(3500/45000),'high');  
            % call high-pass Chebyshev Type II Filter with given order 
and cut-off frequency. 
            % Order = 50 / R value = temporarily 80 (Yu Chen)  
            % Frequency: 1500 rpm = 25 rps = 25*360*10 ps = 90000 1/s 
(Hz) 
        [sos,g] = zp2sos(z,p,kn); % designs a high-pass filter and 
returns its zeros, poles, and gain. 
        Filtered_Ringing(:,k) = filtfilt(sos,g,(Pcyl_1_raw(:,k))); % 
forward then reverse filter to avoid phase lag on signal. 
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    % Filtered Pressure PLOT 
    figure (3)  
    plot(Filtered_Ringing); 
    xlim([0,7200]) 
end 
         
%% IV. Knocking Intensity Calculation 
  
for k = 1:200 
    % % (1) Calculating the KIp2p (Knock Intensity) 
    KI_p2p_max(:,k) = max(Filtered_Ringing(3500:5500,k)); 
    KI_p2p_min(:,k) = min(Filtered_Ringing(3500:5500,k)); 
    KI_p2p_each = KI_p2p_max(:,k) - KI_p2p_min(:,k) ; 
    KI_p2p_table(:,k) = KI_p2p_each ; 
     
    % % (2) Calculating the KI20 (Knock Intensity & Duration) 
    KI20_Nsamp = 200; 
    knock_peak(:,k) = max(abs(Filtered_Ringing(3500:5500,k))); 
    Pcyl_x_axis_positive = Pcyl_x_axis+360; 
        % First loop: Knocking Start Point finding   
        for KI1 = 1:length 
                if 
(Pcyl_x_axis_positive(KI1)>=350)&&(Pcyl_x_axis_positive(KI1)<=550)&&(abs(Filt
ered_Ringing(KI1,k))==knock_peak(:,k))             
                KnockStart_x_axis(:,k) = Pcyl_x_axis_positive(KI1); 
                end      
        end 
        % Second loop: KI20 of each cycles 
        KI20_start(:,k) = floor(KnockStart_x_axis(:,k)*10)+1 ; 
        KI20_end(:,k) = floor(KnockStart_x_axis(:,k)*10)+200 ; 
        KI20_sum = 0; 
  
        for KI2 = KI20_start(:,k) : KI20_end(:,k) ; 
                KI20_each(KI2-KI20_start(:,k)+1,k) = 
Filtered_Ringing(KI2,k) ; 
                KI20_each_sqr(KI2-KI20_start(:,k)+1,k) = 
(KI20_each(KI2-KI20_start(:,k)+1,k))^2 ; 
                KI20_sum = KI20_sum + KI20_each_sqr(KI2-
KI20_start(:,k)+1,k) ; 
        end 
        KI20 = KI20_sum/KI20_Nsamp ; 
        KI20__table(:,k) = KI20; 
end 
% % (1) Mean Value of the KIp2p (Knock Intensity) 
KI_p2p__Mean(iFn,:) = mean(KI_p2p_table) 
% % (2) Mean Value of the KI20 (Knock Intensity & Duration) 




B. Supplemental Material for Combustion Characteristics of Oxygenated Fuel 





Figure A. 1. Knock intensity for ETOH blends under 0.8 bar intake pressure as a function of 
combustion phasing (CA50) 
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Figure A. 2. Knock intensity for IBOH blends under 0.8 bar intake pressure as a function of 
combustion phasing (CA50) 
 
Figure A. 3. Knock intensity for DMF blends under 0.8 bar intake pressure as a function of 
combustion phasing (CA50) 
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Figure A. 4. Knock intensity for ETOH blends under 1.0 bar intake pressure as a function of 
combustion phasing (CA50) 
 
Figure A. 5. Knock intensity for IBOH blends under 1.0 bar intake pressure as a function of 
combustion phasing (CA50) 
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Figure A. 6. Knock intensity for DMF blends under 1.0 bar intake pressure as a function of 
combustion phasing (CA50) 
 
Figure A. 7. Knock intensity for ETOH blends under 1.2 bar intake pressure as a function of 
combustion phasing (CA50) 
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Figure A. 8. Knock intensity for IBOH blends under 1.2 bar intake pressure as a function of 
combustion phasing (CA50) 
 
Figure A. 9. Knock intensity for DMF blends under 1.2 bar intake pressure as a function of 
combustion phasing (CA50) 
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